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Prefatory Remarks.
The s tu d y  by th e  technique o f m uon spin ro ta tio n  sp ectro scopy  of 
organ ic  free  rad ica ls  in which a hydrogen  a tom  has been su b s titu te d  
by i ts  sh o rt- liv e d  ligh t iso tope  m uonium  has now been under way fo r 
m ore th an  a decade, and many in trigu ing  in sig h ts  in to  radical s tru c tu re  
and p ro p e r tie s  ga in ed 1 . This th e s is  ex te n d s  th ese  enquiries in to  the 
dom ain  o f tem p e ra tu re  and so lv en t dependence s tu d ie s  o f a -m uoxyalky l 
rad ica ls  p roduced  by m uon irrad ia tion  o f carbonyl com pounds in the  
liquid phase. Parallel investiga tions o f  th e  co n fo rm atio n s and p ro p ertie s  
o f severa l a -hydroxyalky l rad icals using  th e  m eth o d s  o f ab initio  
m o lecu la r quan tum  m echanics are described . A confluence  of th ese  
tw in  s tre a m s  is hoped for.
The f ir s t ,  in tro d u c to ry  ch a p te r  describes in som e detail th e  p rinc ip les 
and te n e ts  o f th e  m ethods used. P ro p ertie s  o f th e  m uon are enum erated  
and com pared  w ith  th o se  o f o th e r  fun d am en ta l p a rtic le s  in o rd er to  
i l lu s tr a te  th e  unique fea tu res  o f which m ake ^SR possib le . The 
th eo re tic a l and p rac tica l de ta ils  o f  th e  genera l pSR experim en t are 
d iscu ssed , n o ting  the s ta te s  of th e  m uon im p lan ted  in condensed  m a tte r  
w hich are  d istingu ishab le  by the  techn ique, and w ith  p a rticu la r regard  
to  th e  th eo ry  governing the  observa tion  o f m u o n iu m -su b s titu te d  rad icals . 
A re la tio n sh ip  is draw n betw een  th e  dependence upon tem p era tu re  o f 
th e  iso tro p ic  p -hyperfine coupling c o n s ta n t m easured  by pSR 
sp e c tro sco p y  and the  in ternal dynam ics o f the  free  radical observed, 
co n c en tra tin g  prim arily  upon to rs io n a l m o tions. In th is  c o n te x t the  
th eo ry  o f ro ta tio n a l averaging is p resen ted , by m eans o f which p o ten tia l 
b a rr ie rs  to  in te rn a l ro ta tio n  can be  e x tra c te d  from  tem p e ra tu re -  
d ep en d en t pSR data . The dom ains o f u se fu ln e ss  o f ab initio  quan tum  
chem ical techn iques  in calcu la ting  th e  s tru c tu re s  and p ro p ertie s  o f 
o rgan ic  rad ica ls  are  com m ented upon.
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The rem ainder o f th e  th es is  concerns the app lica tion  o f th e  ideas 
em bodied in th e  in tro d u c tio n  to  various genera o f fre e  rad ical. C hap ter 
tw o review s th e  revealing  study  o f the  muonic iso to p o m ers  o f the  
e thy l rad ical, and p re se n ts  several SCF ca lcu la tions w hich shed  som e 
lig h t on th e  co n fo rm atio n a l p ro p ertie s  of th is re la tive ly  sim ple  radical.
In th e  f i r s t  p a r t  o f  C h ap te r 3 p a s t  s tud ies  o f a -h y d ro x y a lk y l rad icals 
by pa ram ag n e tic  reso n an ce  sp ec tro sco p y  are exam ined w ith  a view 
to w ard s  u n d e rs tan d in g  th e  g radual way in which th e ir  p ro p e r tie s  were 
revealed  by tech n iq u es  o f  increasing  soph istica tion . In th e  la t te r  section  
of th e  c h a p te r  a fa irly  com prehensive pSR study  o f th e  2-m uoxyprop-2-y l 
rad ical fo rm ed  in pu re  p ro p an -2 -o n e  and various b inary  aqueous so lu tions 
of p ro p an -2 -o n e  is described . In the  succeeding c h a p te r  fu r th e r  novel 
r e s u l ts  on a -m uoxya lky l rad ica ls  are p resen ted . The rad ica ls  are 
enum erated  acco rd ing  to  th e  s u b s tra te s  in which they  are  form ed, 
nam ely l,l ,l- tr if lu o ro p ro p a n -2 -o n e , e thanal, 2 ,5-hexanedione, and trans- 
b u t-2 -e n a l. C h ap te r 5 con ta in s  a s e t  o f ab initio  quan tu m  m echanical 
ca lcu la tio n s  upon several a-hydroxyalky l and re la te d  rad ica ls  including 
the  2 -h y d roxyp rop -2 -y l rad ical and the  hydroxyethyl rad ical. The e ffe c t 
o f fu n c tio n a l g ro u p s upon equilibrium  confo rm ation  and  sp in  density  
d is tr ib u tio n  is considered .
F u rth e r  pSR s tu d ie s  n o t easily  in teg ra ted  in to  th e  body o f  th e  te x t  
are  con ta ined  in an Appendix.
3
CHAPTER 1
Introduction.
"Through th e ir  w hole  logical appara tu s  th e  physical law s s ti l l  speak 
o f th e  o b jec ts  o f th e  w orld."
L. W ittg en s te in
1.1 Towards Muon Chemistry.
1.1.1 P ro p e rtie s  o f  th e  Muon.
The positive  m uon, p+, is a m em ber o f  th a t  ca teg o ry  o f fundam enta l 
p a rtic le s  ca lled  lep to n s , which a lso  includes p“ , th e  a n tip a rtic le  o f p+, 
to g e th e r  w ith  e le c tro n s  ( e +, e“ ), th e  n e u tr in o s  co rresp o n d in g  to  partic les  
o f b o th  types  (ve , ve , v , v ), and th e  ta u -p a r t ic le s  ( t +, t ” ). Some of 
th e  physical p ro p e r tie s  o f p+ are p rese n ted  in Table 1.1, w ith  the 
c o rre sp o n d in g  p ro p e r tie s  o f p+ and e+ a lso  d isp layed  fo r  th e  purpose 
o f com parison .
Produced  th ro u g h  th e  pa rity -v io la ting  w eak pion decay p rocess (1.1), 
i ts e lf  ends i ts  s h o r t  lifespan  th rough  th e  th re e -b o d y  decay m echanism  
described  by equa tion  (1.2) to  genera te  a p o s itro n , an e le c tro n -n eu tr in o  
and a m u o n -an tin eu trin o .
7t+  > p+ + (1.1)
p+ —> e+ + ve + (1.2)
B ecause is le f t-h a n d e d  , having sp in  p a ra lle l to  i ts  m om entum , 
th e  p rincip le  o f  an g u la r m om entum  conserva tion  req u ires  th a t  p+ be 
po la rised  in a  le f t-h a n d e d  sense  also , considered  in th e  r e s t  fram e of 
the  pion, w ith  helic ity  H=-l. The m uon decay p ro ce ss  is a lso  spatia lly  
asym m etric , w ith  th e  m ajority  o f p o s itro n s  being e m itte d  in a direction 
p a ra lle l to  th e  p+ spin ax is4 . In princip le  th ese  asym m etries  allow  
th e  evo lu tion  w ith  tim e of the  m uon sp in  d irec tion  to  be m onitored, 
and m ake p o ssib le  a varie ty  o f sp ec tro sco p ic  m ethods.
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Table 1.1 S elec ted  physical p ro p ertie s  o f p+, p +, and e+ (a ) .
P roperty +P
+
P
+e
m ass m /m e 206.76865 1836.1515 1
charge +1 +1 +1
spin /'fi 1/2 1/2 1/2
m agnetic  m om ent;
( i / J T - 1 4.490474x10“ 26 1.410617x10“ 26 9.284832xl0“24
V'Vp 3.1833 1 658.21
N uclear, o r  B ohr
m agneton  pn / J T -1 4 .485244xl0“26 5.050824xl0“27 9.274078xl0“24
g 2.002331848 5.585690 2.0023192
gyrom agnetic
ra tio  ^ / 2 tu M HzT” 1 135.5374 42.5771 28024.71
life tim e x /s 2.19714xl0”6 — —
2(a )  F undam en ta l c o n s ta n ts  are  taken  from  C ohen and  T aylor .
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1.1.2 M uon Beams and M uon S pectroscopy.
T hese fo rm s o f sp ec tro sco p y  concern  them selves w ith  th e  fa te  
o f positive  m uons im plan ted  in m a tte r , u sually  in the  condensed  phases. 
They depend upon the  availability  o f a beam  of sp in -p o larised  m uons, 
so  th a t  on en try  in to  the  sam ple all m uons have th e  sam e in itial spin 
o rie n ta tio n . Such beam s are g en era ted  by d irec ting  p ro to n s  o f energy 
severa l tim es higher than  the  pion r e s t  m ass (180M eV) in to  a ta rg e t  
c o n s is tin g  o f a lig h t e lem en t such  as Be o r C, w hereupon the  re su ltin g  
n u c le a r  p ro cesses  lead to  m u ltip le  pion p roduction . At th is  s tag e  tw o 
o p tio n s  p re se n t them selves. In the  f irs t, low -energy  tt+ which have 
com e to  r e s t  in the  vicinity o f the  prim ary  p roduction  ta rg e t  are used. 
The helic ity  c h a rac te ris tic s  o f the  decay o f s ta tio n a ry  pions ensu re  
t h a t  a beam  c rea ted  by co llec tio n  o f m uons of a given m om entum  
d irec tio n  has a degree o f spin  p o la risa tio n  near 100%. A beam  o f th is  
k ind is ca lled  a su rface  m uon beam , and has th e  additional p roperty  
o f low  m uon m om entum , leading to  a very sh o rt range in m atte r . In 
th e  second  option , pions o f h igher energy are co llec ted  using quadrupo le  
m ag n e ts  and decay in f lig h t in a long superconducting  solenoid, 
w hereupon  fu rth e r  dipole and quadrupo le  m agnets tra in  th is  d iffu se  
m uon sou rce  upon the sam ple ta rg e t. In th is in stance  m uon spin  
p o la risa tio n  can be chosen by se lec tin g  m uon m om entum  using the  
final d ipole  m agnet; in prac tice , since m axim al p o larisa tion  is desired , 
se le c tio n  is generally  e ith e r o f fo rw ard  em itted  o r backw ard
e m itte d  (p^  and a n tip a ra lle l)  m uons. The a tta in ab le  p o la risa tio n  
is reduced  by lim ited  m om entum  reso lu tio n  in the  beam  line op tics , 
to g e th e r  w ith  a spread  in beam  angle  around $= 0° ( re su ltin g  in a 
p ro jec tio n  fa c to r  of co s$ ), to  P « 60-80%. Muon beam s are  fu rth e r  
d istin g u ish ed  in being e ith e r con tinuous (DC) o r pu lsed . The main 
p ro to n  acce le ra to rs  around th e  w orld  which are o r have been a sso c ia ted
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w ith  m uon sp ec tro sco p y  are PSI ( Sw itzerland , fo rm erly  know n as SIN), 
TRIUMF ( C a n a d a ), and CERN ( F ra n ce /S w itze rlan d  )of the  fo rm er type, 
and LAMPF (U SA ), KEK/BOO M  (Jap an ), and RAL (U K ), of the  la t te r .
The acronym  pSR describes th re e  d is tin c t spec tro sco p ic  m ethods: 
m uon spin ro ta tio n , m uon spin re laxation , and m uon spin resonance.
In th e  f ir s t  o f  th ese , the  m o st com m only used  pSR techn ique and th a t  
w hich w ill fo rm  th e  basis o f th e  experim en ta l observa tions con ta ined  
in th is  th es is , a  s ta t ic  m agnetic fie ld  B is applied such  th a t  B lp ^  under 
th e  in fluence  o f  which the  m uon spin  vec to r p recesses . In the  re lax a tio n  
ex p erim en t Bllp^ and the  re laxation  w ith  tim e o f th e  m uon spin is 
m easu red . In th e  th ird  type o f experim en t a long itud ina l field  B0 is 
again  used, w hile a rad iofrequency  fie ld  Bj is sim u ltaneously  applied 
in th e  tra n sv e rse  d irection . P ositron  co u n te rs  are p laced in the  fo rw ard  
(F ) and backw ard  (B) positions, and th e  variation  o f the  tim e -in te g ra te d  
d iffe rence  Np-N B w ith  |B0| yields the  resonance  signal.
A m ore y o u th fu l, b u t  highly u se fu l, m ode o f m uon spec tro sco p y
is found  in (A voided) Level C rossing  Resonance (ALC o r LCR). F irs t
su g g e s te d  by A. A bragam s , and la te r  applied w ith  considerab le  success
b o th  a t  PSI6 and TRIUMF7, th is  technique, which has i ts  an teced en ts
8 9in a tom ic  sp ec tro sco p y  and nuclear quadrupo le  resonance  ’ , uses an 
approach  sim ila r to  th a t  o f m uon spin resonance, w ith  a t im e -in te g ra te d  
d iffe rence  coun ting  system  and a long itud inally  applied  fie ld ; in th is  
case, how ever, no RF field need be p resen t, and the  resonance  signal 
a rises  when th e  long itud inal field  is tuned  so th a t  a Zeem an tra n s itio n  
o f the  m uon energe tica lly  m atches som e o th e r  tra n s itio n  w ith in  the  
sam ple, leading to  a nonlinearity  in th e  field  dependence o f the  m uon 
Zeem an s ta te s , and th ere fo re  in the  coun ted  fo rw ard -backw ard  asym m etry .
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1.1.3 T ransverse  Field nSR a t PSI.
All th e  experim en ts  described  in th is  w ork w ere u n d e rtak en  a t 
th e  Paul S cherre r In s ti tu te  (PSI), V illigen, Sw itzerland, fo rm erly  the  
Sw iss In s ti tu te  of N uclear Physics. A t PSI p ro to n s  are acce le ra ted  in 
a tw o -s ta g e  p ro cess  to  energ ies o f  th e  o rder o f 590 MeV and d irec ted  
o n to  a Be ta rg e t  to  yield a pion flu x  o f 2xl09 TC+S~ L Som e o f  th e  p ions 
th u s  p roduced  are used  d irec tly  fo r  pion research  o r m edical app lications, 
b u t  th e  rem ainder decay in f lig h t w ith  life tim e 26ns lead ing  to  a to ta l  
m uon flux  o f 107p+s _1.
LOGIC
TAC stopsta rt
ADC
MCS
Figure 1.1 Schem atic re p re sen ta tio n  o f TFuSR appara tus a t PSI.
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The experim ental TFpSR ap p a ra tu s  a t PSI is rep re sen te d  schem atically  
in Figure 1.1.
The sam ple (S ) is s e t cen tra lly  betw een  a pair o f H elm holz  coils 
p roducing  a m agnetic  field  B of s tre n g th  variable b e tw een  zero and 
0 .6 T. In lo w -fie ld  and ze ro -fie ld  experim en ts  th ree  add itiona l, m utually  
o rth o g o n a l, sm a lle r  pa irs o f co ils su rrounding  the  sam ple  are  used  
to  com pensa te  fo r the  E a rth ’s m agnetic  field  and any acciden ta l local 
fie ld s  which m igh t in fluence the  m easurem ent.
M uons w ith  m om entum  of a round  115MeV/c and typ ically  70% forw ard  
sp in  p o larisa tion  a re  s to p p ed  in th e  sam ple w here they  decay according 
to  equation  (1.2). The requ irem en ts  fo r conservation  o f sp in  and m om entum  
lead to  an an iso tropy  in the  decay p rocess, yielding an e+ em ission 
p robab ility  p ro p o rtio n a l to  1 + a cos$ , w here $  is th e  ang le  be tw een  
th e  m uon spin  and the  p o s itro n  m om entum  and a is th e  co effic ien t 
o f decay asym m etry  fo r  which th e  average value over a ll e+ energ ies 
is V3. Any evo lu tion  w ith  tim e o f th e  m uon's spin o rie n ta tio n  (as  a 
r e s u l t  o f  in te rac tio n s  b o th  w ith the  applied field and w ith  local fie lds 
in trin s ic  to  the  sam ple) is re f lec ted  in a m odulation  in th e  ra te  a t 
w hich decay p o s itro n s  are coun ted  in any fixed d irection .
The experim en t proceeds as fo llow s. Passage th ro u g h  a lead 
co llim a to r reduces the  beam  d iam eter to  15-20 mm, w hereupon  the 
m uons are slow ed dow n, f ir s t  by polyethylene in th e  c o llim a to r  ex it 
hole, then  in a w a te r degrader (D ). The la t te r  is o f con tinuously  
co n tro lla b le  th ickness  and is used  to  se le c t m uon m om enta  such  th a t 
th e  num ber o f p+ stopp ing  in th e  sam ple is m axim ised. The tra n s it  
o f charged  p a rtic le s  th ro u g h  th e  pSR appara tu s  is re g is te re d  by p las tic  
sc in tilla to rs . The inciden t m uon p asses  th rough  co u n te rs  Cj and C2 
and s to p s  in the  sam ple. Decay p o sitro n s  pass th rough  c o u n te rs  C3 
and C4 in th e  fo rw ard  position , o r th rough  coun te rs  Cs and C6 in the
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backw ard  po sitio n  ( th ro u g h  which a hole has been c u t in o rder th a t 
th e  beam  pass un im peded), o r th ro u g h  one o f tw o s e ts  o f coun ters  
lo ca ted  above and below  the  sam ple (n o t  i l lu s tra te d ) . The e lec tron ic  
p u lse s  thus c re a te d  are  analysed using a coincidence m ethod  w hereby 
a c e rta in  c h a ra c te r is tic  s igna tu re  o f p u lses  is a sso c ia ted  w ith  an "event" 
in w hich a decay p o s itro n  can be traced  to  its  p ro g en ito r m uon; 
e le c tro n ic  logic d isca rd s  spurious even ts. (A  consequence  o f th is  
s in g le -c o u n tin g  tech n iq u e  is th a t  no m ore th an  one m uon is perm itted  
to  be in the  sam p le  a t  any tim e.) The tim e in te rv a ls  (b e tw een  |i+ and 
e+ d e te c t io n ) c o rre sp o n d in g  to  such  even ts are th en  supp lied  sequentially  
to  a t im e - to -a m p litu d e  converter (TA C ), an a n a lo g u e -to -d ig ita l converter 
(A D C ), and fina lly  to  a m ultichannel s to ra g e  device in w hich a separa te  
h is to g ram  is accu m u la ted  fo r each se t o f p o s itro n  d e te c to rs . The 
h is to g ram s are, in e ffe c t, rep re sen ta tio n s  o f the  re la tio n  betw een  the 
num ber o f even ts  co lle c te d  (H ) and the  tim e in terval be tw een  the  
d e te c tio n  o f th e  m uon and o f its  co rrespond ing  decay positron .
In th e  absence o f an applied field  each pSR h istog ram  show s the 
exponen tia l fo rm  o f th e  m uon decay curve, H ( t ) a e ' t / x , w ith  t  the 
m uon life tim e. H ow ever, w hen a m agnetic  field  B is applied  tran sverse  
to  th e  initial m uon tra jec to ry  z the  spin v ec to r o f th e  m uon in the  
sam p le  p rec e sses  a t  i ts  Larm or frequency, v = 135.537 MHz T-1, and the 
tem p o ra l d is tr ib u tio n  o f decay p o s itro n s  arriving a t  each sc in tilla to r  
is th u s  m odu la ted . The h istog ram s so g enera ted  show  th e  m uon 
p recession  frequency  superim posed  upon th e  decay curve, w ith  a phase 
d ependen t upon th e  c o u n te r  position . An exam ple is given in Figure 1.2. 
O th e r sam p le -d ep en d en t fac to rs  a lso  a ffe c t the  n a tu re  o f th e  m odulation. 
The general fo rm  o f a pSR h istogram  i s 10,11
H (t)  = N {B + e- t / x  [ 1 + F ( t ) ]} (1.3)O O 9
w here Nq is a n o rm alisa tio n  fac to r dependen t only on th e  to ta l  num ber
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of co u n ts , Bq is th e  acciden ta l background frac tion , u sually  sm all and 
rough ly  c o n s ta n t, and F ( t)  is the  form  o f th e  tim e dependence of the 
m uon spin  p o la risa tio n , co n tin g en t upon the  num ber and type o f m uon 
env iro n m en ts  p re s e n t in th e  sam ple, and the  num ber o f frequencies 
a sso c ia te d  w ith  each. I ts  general expression  is
F ( t)  = Z F .( t )  = Z  Ai e_xit (cos u .t + <p.) (1.4)
i i
w here  a), is th e  p recessio n  frequency, cp. is th e  in itia l phase, a function  
o f th e  sp a tia l re la tio n  be tw een  th e  in itial m uon spin  p o la risa tio n  
d irec tio n  and th e  axis o f the  e+ co u n te r " te le sc o p e ”, A. is the  asym m etry, 
d ep en d en t upon th e  beam  p o larisa tio n  P, th e  an iso tro p y  coeffic ien t 
a  in th e  p o s itro n  d is tr ib u tio n , and o th e r  fa c to rs , and X. is the  
d e p o la risa tio n  ra te  (o r  dam ping c o n s ta n t) , re la te d  inverse ly  to  the
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Figure 1.2 Sam ple uSR h istog ram  ( HoO at 18mT).
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sp in -sp in  re lax a tio n  tim e, and reflec tin g  re lax a tio n  or reaction  p ro cesses.
A t PSI a to ta l  of 8K channels (o r  "b in s") are divided equally  am ong 
th e  fo u r  te le sco p es  typically  used fo r  an experim ent. Bin w id th  is chosen  
to  s u it  th e  frequency  range under exam ination , b u t is typically  around  
875 ps, leading to  an upper lim it o f observab le  frequency in the  reg ion  
o f 575 MHz. For th e  experim en ts described  in th is  w ork  the  average 
num ber o f even ts  co llec ted  per tem p e ra tu re  s tu d ied  w as abou t 5x l07, 
depend ing  on the  s tre n g th  and num ber o f s ig n a ls  o f in te re s t. E xperim en ts  
a t  te m p e ra tu re s  o th e r  th an  room  te m p e ra tu re  w ere carried  o u t in a 
sea led  in su la ted  c ry o s ta t in which cooling w as p roduced  by m eans o f 
th e  f lo w  o f co ld  N2 gas, heating g en era ted  by an e lec trica l re s is tan ce , 
and  th e  sam ple  tem p era tu re  m onito red  using tw o therm ocoup les 
a tta c h e d  to  the  e x te rio r o f the  sam ple bulb . Sam ples w ere, w here 
p o ss ib le , o f  com m ercial origin, and o f th e  h ig h es t grade o f pu rity  
availab le. In o rd er th a t  th e  liquid sam ples be rendered  free  o f d isso lved  
oxygen, which re a c ts  very efficien tly  w ith  param agnetic  m uonic species, 
each w as sub jec ted  to  a s e t  of freeze -p u m p -th aw  cycles on a vacuum  
line. T hereupon, th e  liquids were sealed  in to  spherical th in -w a lled  g lass  
v e sse ls  o f 35mm d iam eter (s lig h tly  la rg e r th an  th e  beam  d iam ete r) 
if su ff ic ie n t m ateria l w as available; o therw ise , o f 25mm d iam eter.
A t a ll s ta g e s  the  experim ents w ere c o n tro lle d  using a D E C -based 
co m p u te r  system , m o st recen tly  o f the  MICROVAX type. D ata files  
w ere su b seq u en tly  tra n sfe rre d  to  a DEC VAX 8650 fo r fu rth e r  
p ro cessin g , including tran sfo rm atio n  o f th e  (iSR h istog ram s in to  Fourier 
space  leading to  c lea r peaks a t the  p recession  frequencies, fo llow ed  
by lineshape analysis o f th ese  signals using an ite ra tive  le a s t-s q u a re s  
p ro g ra m 12 to  yield b e s t- f i t  frequencies, p hases, and o th e r  p ro p ertie s .
Several books now ex is t in which th e  [iSR m ethod is w ell described , 
no tab ly  th o se  by Schenck4 and W alker13, and th a t  edited  by C happert
12
and G ry n szp an 14 ; these  have been freely  c o n su lte d  in th e  com position  
o f th is  in tro d u c to ry  section . Am ong o th e r  te x ts  so used  are papers 
by B rew er, Flem ing, and Percival15, Roduner and F isc h e r16, and W e b s te r17 .
1.1.4 M uon S ta te s  in M atter.
1.1.4.1 M uonium .
W hen positive  m uons therm alise  in m a tte r , som e degree o f in te rac tio n  
is inev itab le , and several d is tin c t p o ssib le  s ta te s  e x is t  w hich can be 
s tu d ie d  by |iSR spectroscopy . In e le c tro n -ric h  s u b s tra te s  which are chem ically  
un reac tive , th e  s im p les t m uonic species is fo rm ed . This is th e  "atom " 
m uonium , (i+e“ , f ir s t  p roposed  by Friedm an and T e leg d i18 as an 
ex p lan a tio n  o f  lo sse s  observed  in th e  p o la risa tio n  a ttr ib u ta b le  to  p+ 
in early  experim en ts. Regarded as a tw o-body  sy stem  in which a 
negatively  charged  pa rtic le  o f sm all m ass experiences the  e le c tro s ta tic  
"cen tra l fie ld" o f a positively  charged  p a rtic le  o f m uch la rg e r m ass, 
i t  is c le a r  th a t  m uonium  th u s  c lose ly  resem b les  a tom ic hydrogen, and 
m ay reaso n ab ly  be considered  as a unique iso to p e  w ith  approx im ately  
one n in th  o f the  m ass o f com m on H. S u b s tan tia tin g  evidence fo r th is  
s ta te m e n t  is p resen ted  in Table 1.2, in which ce rta in  o f th e  p ro p ertie s  
o f m uonium  and p ro tium  are com pared. (A s an iso to p e  o f H, m uonium  
is co n sid e red  to  m erit a chem ical sym bol, ex p ressly  M u .)
Table 1.2 Som e physical p ro p ertie s  o f Mu and H 2,16,19.
p ro p e rty Mu H
atom ic  m a ss /a .m .u . 0.11403 1.007825036
Bohr rad iu s / pm 53.17 52.9917706
io n isa tion  p o te n tia l /J 2.169xl0-18 2.179xl0~18
hyperfine sp littin g /M H z 4463.30235 1420.4057517662
reduced  m a s s /m e 0.9952 0.9995
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The e le c tro s ta tic  p ro p ertie s , and th e re fo re  the  chem ical p ro p ertie s  
(n eg lec tin g  v ib rational e ffe c ts ) , are identical b u t fo r a sm all variation 
due to  c e n tre -o f-m a ss  d iffe rences, which are p re se n t in any case to  
a sm a lle r  e x te n t in any pair o f iso to p es . The m agnetic  p ro p ertie s  of 
m uonium  m igh t th e re fo re  a lso  be expected  to  be analogous to  th o se  
o f a tom ic H, w ith  a hyperfine in te rac tio n  la rg e r by th e  ra tio  o f the  
m uon and p ro to n  m agnetic  m om ents, ^ / p H « 3.1833. The theory  o f th is  
in te rac tio n  w ill be tre a te d  fu rth e r  in a succeeding section . A t th is  
s ta g e  i t  su ffices  to  say th a t  in th e  p resence  o f a tra n sv e rse  m agnetic  
fie ld  th e  tr ip le t  s ta te  o f m uonium  is reso lved  in to  th re e  levels, leading 
to  fo u r p o ssib le  tra n s itio n s , o f which tw o are a t  frequencies too  high 
fo r  p rac tica l observa tion  w hile the  o th e r  tw o ( v±2 and v23) are e ssen tia lly  
deg en era te  a t low  fie lds, only being reso lved  a t IB l£  I ra T 20.
1.1.4.2 D iam agnetic S ta te s .
In m olecu lar m a tte r  chem ical reac tion  is possib le  involving e ith e r 
p+ o r Mu. In som e cases reac tion  leads to  d iam agnetic  m uonic m olecu les 
o r ions. For exam ple, equation  (1.5) show s th e  reac tion  o f a m uon w ith 
a w a te r  m olecule to  form  a species analogous to  th e  conventional 
hydroxonium  ion H30 +.
[L+ + Hz O —> H2OMu+ (1.5)
Very o fte n  in m olecu lar liquids the  m ajority  o f im p lan ted  m uons 
p ass  in to  d iam agnetic  s ta te s . A t p resen t, u n fo rtu n a te ly , th ese  d iam agnetic 
env ironm ents are  ind istingu ishab le  by pSR, due to  the  inability  o f the  
techn ique to  d iscern  th e  sm all chem ical sh if ts  fam iliar from  p ro to n  
NMR. C onsequently , no de ta iled  consideration  o f d iam agnetic  s ta te s  
w ill be found in th is  work.
1.1.4.3 M uonic Radicals.
W hen positive m uons are im planted  in to  chem ical s u b s tra te s  contain ing  
one o r m ore canonical double bonds pe r m olecule ( especially  C=C o r C=0
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bonds, a lth o u g h  th e re  have been som e re s u lts  fo r o th e rs  such  as C=S21 )
th e  fo rm ation  o f m u o n iu m -su b s titu te d  free  rad icals is p ossib le . The
p ro cess  of rad ical fo rm ation  is described  by n e t add ition  o f a tom ic
Mu a t  the  double  bond, a lth o u g h  several possib le  m echan istic  ro u te s  
22  23e x is t ’ . For exam ple, the  f ir s t  s te p  in the  p rocess m igh t be e ith e r the
fo rm atio n  o f m uonium  i ts e lf  (w hich th en  adds to  the  s u b s tra te  like 
a hydrogen a to m ) o r o f a positive ly -charged  d iam agnetic  in te rm ed ia te  
( w hich then  a b s tra c ts  an e le c tro n  from  its  su rround ings ). Som e 
experim en tal w ork  has been  d irec ted  tow ards assessin g  th e  re la tive  
im portance  o f the  various p rec u rso rs  in certa in  rad ical fo rm ation
*j i o c O A
reac tio n s . Since th e  e a rlie s t  iden tifica tion  o f th ese  species by pSR ’ ’ ,
th is  area  o f resea rch  has p ro g ressed  vastly  in dep th  and e x te n t, leading
17 27 28  1to  som e m ajor review s ’ ’ and one book . The reaso n  fo r th is  is
th a t  in general n o t only can m uonic rad icals be d istingu ished  from
one an o th er by ^iSR techn iques, b u t  de ta iled  in fo rm ation  on coupling
c o n s ta n ts  and th e ir  tem p era tu re -d ep en d en ces , radical k in etic s  (involving
th e  m uon as an active p robe in th e  stu d y  o f M u /H  iso to p e  e ffe c ts  )
and radical con fo rm ations can a lso  be gained. Indeed th e  c rea tion  by
m eans of the  pSR techn ique o f unique rad icals fo r w hich no H analogue
e x is ts  is a lso  a p o ss ib ili ty 21.
M uonic rad ica ls  are m ultisp in  sy stem s possessing , in th e  p resence
o f an ex te rnal m agnetic  field, a com plex  se t o f Zeem an s ta te s . However,
w hen a su ffic ien tly  s tro n g  m agnetic  field  ( IB I ^ 0 .0 2 T ) is applied  in
th e  tran sv erse  d irection , th e  evo lu tion  o f s ta te s  is such  th a t  th e  coupling
o f the  muon to  all th e  o th e r  nuclei becom es very sm all, and only those
tra n s itio n s  involving the  m uon and th e  e lec tro n  rem ain a t  energ ies easily
observed; th e  nuclear sp ins are effec tively  decoupled. The hyperfine
coupling  c o n s ta n ts  o f m uonic rad ica ls  are sm alle r by som e o rd ers  of
m agnitude than  th a t  o f Mu.
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Some fu r th e r  theo ry  underlying the  experim ental s tudy  o f m uonic 
rad ica ls  by tra n sv e rse  field  pSR spectroscopy  w ill be found  in the  
fo llow ing  sec tio n .
1.1.5 Som e T h eo re tica l Principles o f TFuSR.
1.1.5.1 The H am ilton ian  O perator.
The evo lu tion  o f th e  spin po larisa tion  o f m uons im p lan ted  in m a tte r  
is d ependen t upon th e  presence and n a tu re  o f m agnetic  in te rac tio n s , 
e ith e r  w ith  loca l f ie ld s  genera ted  by nearby e le c tro n s  and nuclei, o r 
w ith  an e x te rn a l m agnetic  field, o r bo th . The bu lk  o f th e  experim ental 
w ork  con ta ined  in th is  th es is  deals w ith  s itu a tio n s  w here Mu has 
rea c te d  w ith  a s u b s tra te  in the  liquid phase by bonding  chem ically  to  
a  m olecu le  to  fo rm  a radical. To a f ir s t  approxim ation , then , th e  muon 
can be considered  to  be a m em ber o f a sm all ensem ble  o f p a rtic les  
c o n s titu tin g  a s in g le  m olecule, w ith  all "in term olecu lar"  in te rac tio n s  
n eg lec ted ; a lso , due to  rap id  reo rien ta tiona l m otions p re s e n t in the  
low  v iscosity  liqu ids stud ied , d irec t dipole c o n tr ib u tio n s  to  the  
hyperfine in te ra c tio n  average to  zero, and only Zeem an and Fermi 
c o n ta c t  te rm s  need  be considered in the  H am iltonian o p e ra to r. The 
fo rm  of th e  re le v a n t o p e ra to r is
A  A . .  A _  / \XJ A A A
H = H £ + H |  * H $ ♦ ♦ HeN (1.S)
w here the  f i r s t  th re e  te rm s describe the  Zeeman in te rac tio n  o f each 
o f th e  th ree  types o f pa rtic le  w ith the  ex te rnal field, respectively , and 
the  la s t  th re e  d escribe  in tram olecu lar in te rac tio n s  o f  m uons w ith  
e le c tro n s , m uons w ith  nuclei, and e lec tro n s  w ith  nuclei, respectively .
The negligibly sm all in te rn u c lear coupling te rm s are  o m itted . The 
Zeem an te rm  fo r  a p a rtic le  i under a m agnetic fie ld  B in th e  d irection  
z, exp ressed  in te rm s  o f its  Larmor p recession  frequency  v. and its
A
spin o p e ra to r  S. tak es  the  form
H‘z = &  (16)
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w hile the  m agnetic  in te rac tio n s  H~ which coup le  the  m agnetic  m om ents 
o f paric les i and j a re  expressed
= ' Z A i S iA i (1.7)
w here A. is th e  iso tro p ic  Fermi co n tac t hyperfine coupling  c o n s ta n t 
rep re sen tin g  th e  sp in  density  con tribu ted  by p a rtic le  i m easu red  a t the
A . / \  .
s ite  o f p a rtic le  j, SJ is the  spin o p era to r o f p a rtic le  j and I 1 is the  
sp in  o p e ra to r  o f  p a rtic le  i. The relevan t H am ilton ian  fo r singly  m uonium - 
su b s ti tu te d  m onorad ica ls  in a low -viscosity  flu id  s u b s tra te  under an 
app lied  m agnetic  fie ld  B along an a rb itrary  d irec tio n  z is then
H = v S e -  v -  Z v fc t*  ♦ Au S e . t * ‘ ♦ S A t S e . I k (1.8)
e z z ^ K z H k
The couplings b e tw e en  the  e lec tron  and the  various nuclei are  very m uch 
sm a lle r  th an  th a t  b e tw een  the  m uon and the  e le c tro n  ( ie A , « A  Vk)K H
and can be n eg lec ted  a t  fie lds g rea te r than  ab o u t 0.02 T 16.
1.1.5.2 M uon Spin P o la risa tio n  under T ransverse Fields.
The general th eo ry  o f the  evolution w ith  tim e o f th e  p o la risa tio n
of m uon spin un d er an applied m agnetic field  w as developed by degrees
during th e  la t te r  h a lf  o f th e  1970s by Schenck, Percival, Roduner, Fischer,
16 29 30  31and o th e r  w orkers ’ ’ ’ . Only the  tran sv erse  fie ld  case  w ill be considered
here, and only th e  b r ie fe s t  tre a tm e n t given. The m uon spin  po larisa tio n  
a t  tim e t= 0  is ( th e  beam  po larisa tion ) P.
C onsider th e  evo lu tion  w ith tim e of the  m uon spin  p o la risa tio n  
observed  in an a rb itra ry  d irection  q defined by the  o bserva tion  axis 
o f the  p o s itro n  d e te c to r . Given by the  expecta tion  value o f  th e  Pauli 
spin o p e ra to r  32, th a t  is to  say,
Pq<t> = < 3 q )  <1 9 >
th is  q uan tity  may be ex p ressed  e ither in th e  Schrod inger rep re sen ta tio n  
P ^ ( t)  = T r { p ( t ) . ^ }  (1.10)
w ith  p ( t)  the  sy s tem  density  function, o r in th e  H eisenberg  n o ta tio n  
P q (t)  = T r{ $ (0 ) .3 ^ ( t ) }  (1.11)
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w here  3 ^ ( t )  has the  fo rm
3 ^ ( t)  = e x p ( i f t t / f i )  0^ e x p ( - i H t / f i )  (1.12)
and  f t  is as defined  in equation  (1.8).
Taking a basis  s e t  o f p ro d u ct sp in  fu n c tio n s
IXi> = l ^ > l x e > n i x ^ >  (1.13)I l k 1
th e  e ig en k e ts  o f  f t can be exp ressed  in th e  form
ln> = 2  cn iIXi> (1.14).
W ith  th e  unpaired  e le c tro n  and th e  n u c lea r sp ins in itia lly  unpolarised , 
and no ev o lu tion  o f  th e  spin  befo re  fo rm a tio n  o f th e  chem ical species, 
th e  fo rm alism  o f R oduner and F isch e r16 (w h ich  e ssen tia lly  om its the  
e le c tro n  and  n u c lea r p o la risa tio n s  from  th e  ana ly sis) can be em ployed 
in  o rd e r  to  derive a c lea r expression  fo r  p j^33. F irstly , £(0) is m o st 
conven ien tly  e x p ressed  in th e  above b asis  s e t  w ith  q u an tisa tio n  o f spins 
a lo n g  th e  d irec tio n  b o f beam  po larisa tio n .
e(0 )  = e tt( 0 ) x S e( 0 ) x I I p k( 0 ) = i f 1*P °  ) x i f  x n — 7-----l k (1.15)k o 1-P } 2 k 2Ik +1
w h ereas  3q is  m o s t easily  exp ressed  such  th a t  q u an tisa tio n  is a long
th e  ax is  o f  o b se rv a tio n  q,
- w ) '  i % r
R ew riting  (1.15) as
(1.16).3q  = ^ x 3 M l 8 k .  “ j x l ' x H l '
as
e<0> = N -‘ {1“ + P .3 b ) x l e x n l k (1.17),
w here
and
= 0 - I  1 <U8)
N = 4 n ( 2 I k + 1) (1.19),
k
th en  in se rtin g  (1.17) in to  (1.11), no ting  m eanw hile th a t  T r(3 q)= 0, the  
e x p ress io n
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P (t) = Tr{N_13q(t) + N ^ P a ^ t ) )
= N T r f 8 b 3 q( t ) ) a 2 0 )
is ob ta ined . In general (1.20) need only be eva lua ted  fo r the  case
b=q=z (lo n g itu d in a l f ie ld ) o r b=q=x ( tra n sv e rs e  fie ld  ). H ere only th e
l a t te r  is considered . For b=q,
q N q q
= ^  'Z  Z <ml3 3 (t) ln> 
n m n q q
w h ere  lm> and ln> are o rth o n o rm al e igenvec to rs  o f  H  w ith  energ ies
A
ho) and ho> respectively. Since 3 and H are Hermitianm n r J q
P ( t)  = ^  £  2  < ml 3 e x p ( iH t/ f t )  3 e x p ( - iH t /f i ) ln >
" N m n " "
= r; Z Z | < m l 3 I n >|2 exp(i(0nmt) (1.21),
N m n ^
and  since Pq(t)  is a rea l dynam ical variable
P J t )  = ^ Z Z | < m l 3 riln>|2 cos(w t) (1.22).
q N m n 1 ' nm
E xpanding  th e  e igen functions ln> in te rm s o f  th e  b asis  s e t defined 
by (1.14), th e  expression  fo r  P (t) in the  case  o f a tra n sv e rse  m agnetic  
fie ld  (q=b=x) can be obtained.
<ml3x ln> = Z Z c * icnj<xil3xlxj >
= ZZc*micni< x-x !IT ^  ' V A h K p
w hich, since 3x is a m uon spin o p era to r,
= ? ? CmiCnj 'Xil | 3 x l x jl > S T|(JSiCj fl .23).
The final ex p ress io n  is ob tained  by in se rting  (1.23) in to  (1.22).
= N CmiCnj  ^^ COS t^°nmt  ^ (1.24).
For severa l years tran sv erse  field  pSR s tu d ie s  have suggested  th a t
n o t a ll o f  th e  in itial spin p o la risa tio n  is tra n s fe r re d  In to  th e  chem ical
s ta te s  finally  observed, b u t th a t  a certa in  frac tio n , designated  PL, is
l o s t 34,3S’36’37; th a t  is,
PL = i - P D - Z P R ; (P=l> (1.2SX
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E ffo r ts  have been m ade to  add ress th e  problem  of PL, and fo r aqueous
34 38  39sy s te m s  it has been su g g e ste d  ’ ’ th a t  th e  lo s t  p o larisa tion  o rig ina tes
in m uonium  form ed  soon  a f te r  th e  m uon e n te rs  the sam ple (w ith in  lp s )  
w hich lo ses approx im ate ly  one h a lf o f i ts  po larisa tion  by spin exchange 
p ro c e sse s  (o n  a tim esca le  o f ~ ln s )  during  unreactive en co u n te rs  w ith  
pa ram agne tic  species p re se n t a t  th e  end o f the  rad io ly tical track  caused  
by th e  passage  o f th e  en erge tic  m uon th ro u g h  the condensed  m edium . 
This in tu rn  has given rise  to  deba te  on th e  p rocesses  occurring  a t  
th e  end o f  th e  rad ia tion  s p u r 22,23’40.
R ecent r e s u l ts 41 using the new techn ique o f m uon level c ro ssin g  
reso n an ce  sp ec tro sco p y  on the  benzene derivatives ally lbenzene, s ty ren e , 
and  to luene , com pounds belonging  to  a c la ss  in which TFpSR s tu d ie s  
had ind ica ted  the  ex is ten ce  of a "m issing  frac tion", have accoun ted  
fo r  th e  fu ll o rig inal p o la risa tio n  am ong the  p ro d u ct rad ical and 
d iam agnetic  s ta te s . The im portance  o f th is  re s u lt  w ith  regard  to  th e  
in te rp re ta tio n  o f ex is ting  TFpSR d a ta  is n o t y e t fu lly  u n ders tood .
1.1.5.3 A llow ed pSR T ransitions; S e lec tion  Rules.
For q=x, th a t  is, th e  case  of a tra n sv e rse  m agnetic  fie ld  B o f  low  
to  in te rm ed ia te  s tre n g th  th e  H am iltonian  (1.8) m ixes p ro d u ct k e ts  1 >
given by equation  (1.13) in accordance w ith  equation  (1.24). The in ten s ity  
o f a [iSR tra n s itio n , being the  am o u n t o f m uon p o larisa tion  lo ca ted  
a t  frequency  o>nm , is p ro p o rtio n a l to  th e  tran s itio n  m om ent | < m13q I n > ] 
b e tw een  e ig e n s ta te s  lm> and ln>.
W ith  the  to ta l  m agnetic  m om ent given by M = mtl + me + Z n ik: ( th is
k
is exactly  tru e  fo r  th e  ze ro -fie ld  case  o n ly ), i t  fo llow s th a t
3x = ^ ( 3 + + 3 " )  (1.26)
giving a non -zero  tra n s itio n  m om ent only w hen A m = jtl in experim en ts  
under low  tran sv e rse  field . A t h igher fie ld s (IB I>0.02T ) the  sp ins are 
decoup led  and th e  e ig e n s ta te s  becom e pure p ro d u ct functions. They
20
are  c h a rac te rised  by the  z -co m p o n en ts  o f individual angu lar m om enta  
m*\ m e , mk . The tra n s itio n  o p e ra to r  a c ts  upon the  m uon w avefunction  
only , and  th e  high field  se lec tio n  ru les
Am = +1, Ame = Am k = 0 (1.27)
a re  ob tained .
E x p lic it r e s u l ts  fo llow  fo r  (a)m uon ium  and (b) th e  general case  
o f a pa ram agne tic  m uonic species, b o th  evaluated  in the  high field  
reg im e in w hich th e  e ig e n s ta te s  are  pu re  p ro d u c ts .
(a) M uonium .
W ith  th e  ap p ro p ria te  H am iltonian  o p e ra to r  (derived  from  equation  
(1 .8 ))  in its  s lig h tly  a lte re d  fo rm  ( th e  tra n sv e rse  fie ld  is here considered  
to  be in th e  d irec tion  z)
A  A  A  _ 1 / A + A +  A _  A ___\ A  A  ,  ___________
H= V5* - Vr + V i (S 1 + S 1 )+S*rz] (1-28)
w here
and
A +  A A
S = S + i sx y
A ”  A  A
S = S -  i Sx y
A +  A /N
1 = Ix + 1 l y
(1.29)
|  (1.30),
and  th e  e igenvecto rs  o f the  spin  o p e ra to rs  3  and t  , nam ely
A — /S A
1 = lx  + 1 l y
la  a  >, la  p >, Ip a  >, ip P >, (1.31)
a f te r  som e a lg eb ra  th e  eigenvalues 
E. = v + A / 4l -  n
E0 = (v? + A 2/4 )V2 -  A / 4
E3 = -v_ + A ^/4
E4.= - ( v+2 + A2/4 ) V2 -  A / 4
(1.32)
' 4 + i i  ti
a re  ob tained , w here
v = -  ^ ( v + v ) (1.33).+ 2 ' e — i1'
The frequencies o f th e  tra n s itio n s  a llow ed by th e  se lec tio n  ru les  (1.27)
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are then
v12 = Er E2 = v_ -  (v 2 * A 2 / 4 ) V2  * A / 2  
v23 = E2- E 3 = v_ -  ( , 2 *  A 2 / 4 ) V2  ♦ a / 2
14 = E ,- E 4 = v_ -  (V2 + A 2/ 4 ) V2 * A /2
(1.34)
''34= E3 -E 4 = -  K  * A 2/ 4 ) 2 + A / 2
42The B reit-R abi d iagram  fo r  m uonium  (Figure 1.3) is a good i llu s tra tio n  
o f th e  in te rp lay  o f Zeem an and hyperfine e ffe c ts  upon  th e  energy  levels 
o f th e  a tom  as th e  ex te rn a l field  is increased . The fie ld  is given in 
u n its  o f th e  p a ra m ete r  vQ = 2v+/A tx. The energy levels and tra n s itio n s  
a re  labelled  fo r  c larity . A t low  fie lds only th e  tra n s itio n s  v12 and v23 
are  observed , and fo r IB I su ffic ien tly  sm all th ese  are  e ffec tive ly  degenerate . 
(An exam ple o f th is  phenom enon is found in th e  s tu d ie s  on th e  ca ta ly tic  
m ateria l EUROPT-1 in the  Appendix.) A good ex p lo ra tio n  o f th e  Breit-Rabi 
d iagram  fo r  Mu is found  in Schenck4 .
(b) G eneral Param agnetic  Species -  High Field P e rtu rb a tio n  T re a tm e n t16.
A t high tra n sv e rse  fie ld s hyperfine in te rac tio n s  becom e very sm all 
in com parison  w ith  th e  e le c tro n  Zeem an in te rac tio n , and a p e rtu rb a tio n  
tre a tm e n t can be in troduced  in which the  z e ro th -o rd e r  H am ilton ian
A ( O)  A A A y  A _  A J ;  f > w \ r > * i w—. ' '
H = v ,S ,  -  v . I ,  + A .I^ .S  -  Z vk Iz (1.35)(X Z H k
is p e rtu rb ed  a t  f i r s t  o rd e r  by the  n u c lea r-e lec tro n ic  hyperfine te rm s
(1.361
A ( l )  _  A b  A
H = 2  A. I k. S
k K
Follow ing th is  p rocedure , the  f ir s t-o rd e r  energ ies a re  given by
Ei u  ■ U Ak Mk2 k
e " ’ = | S A k Mk(c2- s 2 )
E3 ’ - 5 ^ “
;<1 ) _ -1
k k
(1.37)
EV ' = j  S A k Mk(c2- s 2)
w here
» = A ( ‘ - J T = f 2‘/ 2 (1.38)1
22
E
/H
A
6 - -
2 - - 12
- 2 - -
Figure L3 B reit-R abi d iagram  fo r  M uonium , scaled  fo r  p ic to ria l clarity .
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(1.39),
(1.40),
and Mk is th e  q uan tum  num ber o f th e  spin o p e ra to r  Fz fo r  nucleus
k. The f ir s t-o rd e r  tra n s itio n  frequencies are  th en  (in  te rm s  o f th e  
co rrespond ing  tra n s itio n  frequencies fo r Mu, given by eq u a tio n s  (1.34),
and tra n s itio n  frequenc ies  are insign ifican t fo r IB I^0 .02T .
A t high fie lds such  as those  used in th e  w ork  on  free  rad icals 
described  here, th e  B reit-R abi diagram  fo r  a m uonic rad ical resem bles 
th a t  fo r  m uonium  in th e  num ber o f energy levels, a lth o u g h  th e  separa tions 
are  considerab ly  d iffe re n t. Only the  tra n s itio n s  a t  v12 and v34 are actually  
observed  ( th ese  are  m arked on the high field  p a r t  o f th e  Breit-R abi 
d iagram  show n in F igure 1.3 as Rj and R ^ , the  in te n s itie s  o f th e  o th ers  
being  w eakened due to  the  conditions c-M and s->0 as IBl-^oo. The m uon- 
e le c tro n  hyperfine coupling  co n stan t is then  given in te rm s  o f the  
tra n s itio n  frequenc ies by
' V  = |V12' ±  lv3 4 ! (1 -4 2 ) -
The sign change is in th e  d irection  -  to  + w ith  increasing  \B \/\AJ  and
33o ccu rs a t  IB 1= 3.672* lA^I mT due to  the  cro ssing  o f th e  leve ls  Ej and 
E2- Since in th is  w ork  it is im p o rtan t to  com pare th e  m u o n -e lec tro n  
hyperfine coupling  c o n s ta n ts  obtained in s tu d ie s  o f  m uonic rad icals 
w ith  the  co rrespond ing  1H couplings appropria te  to  th e ir  hydrogenic 
analogues, th e  co n cep t o f the  reduced m uon coupling  c o n s ta n t A’ is
(1.41).
R oduner and F ischer find  th a t seco n d -o rd er co rre c tio n s  to  th e  energies16
24
used th ro u g h o u t. This is defined as
a ;  = A^- ^  (1.43)
w here (i and p are  th e  p ro to n  and m uon m agnetic  m om ents,P P
respectively .
1.2 Radicals in the Liquid Phase.
1.2.1 In te rn a l Dynam ics.
The concep t o f th e  liquid s ta te  im plicit w ith in  p a s t  pSR s tu d ies , 
and indeed su g g e s te d  by the  pSR sp e c tra  ob tained  from  liqu ids, has 
been  th a t  in te rm o lecu la r (ra d ica l-so lv en t)  in te rac tio n s  are  sm all 
re la tive  to  in tram o lecu la r in te rac tio n s  and th e re fo re  th a t  th e  sing le  
rad ical g enera ted  in a given even t by th e  con tinuous beam  techn ique 
can be regarded  as a se lf-c o n ta in e d  entity . The sum  o f the  se rie s  o f 
sequen tia lly  ex is tin g  tra n s ie n t rad icals is e ffec tively  equ ivalen t to  th e  
s ta n d a rd  canonical ensem ble. R eorien tational m o tions average th e  
an iso trop ic  ( d ip o le -d ip o le ) co n tribu tions  to  the  hyperfine coupling  
te n so r  to  zero ; only  th e  iso tro p ic  Fermi co n tac t te rm  rem ains, and 
th is  is m easured  as the  m u o n -e lec tro n  hyperfine coupling  c o n s ta n t 
. A t experim en tal tem p e ra tu re s  there  is a B oltzm ann d is tr ib u tio n  
am ong the  s ta te s  in the  rad ical's  v ibrational m anifo ld ; m o tional co­
o rd in a tes  o f b o th  sm all and large am plitude are excited . V ibrational 
tra n s itio n s  are rap id  on the  pSR tim escale, so th e  m easu red  values
of rad ical p ro p ertie s  are  averages over all th e  p o p u la ted  v ib ra tional
43s ta te s . The B orn-O ppenheim er approxim ation  is assum ed  to  hold .
In o rd er th a t  th e  pSR re s u l ts  p resen ted  la te r  in th is  w ork  be  fu lly  
apprecia ted  it  is f ir s t  e ssen tia l to  explore the  theo ry  governing th e  
in te rn a l m otions in sm all m olecu les to  som e e x ten t.
The general exp ression  fo r th e  po ten tia l energy o f a m olecu le  in 
curv ilinear in te rn a l co -o rd in a te s , d isregard ing  te rm s above th e  quadratic ,
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V = i / 2 Z f „ v .  * l / 6 2 f „ A W t | / 2 *r J J ™ J , \ U  +
w here, ex p re sse d  in te rm s o f ca rtes ian  co -o rd in a te s  x ,
m mn mnp
The in te rn a l c o -o rd in a te s  >)s describe  m otions o f th e  m olecule such 
as bond  s tre tc h in g , angle bending, and in te rnal ro ta tio n . The term s 
a re  th e  a p p ro p ria te  pa rtia l derivatives o f th e  in te rn a l co -o rd in a tes  
w ith  re sp e c t to  th e  ca rtes ian  co -o rd in a te s . The co effic ien ts  f in 
eq u a tio n  (1.44) are  th e  in te rnal c o -o rd in a te  fo rce  c o n s ta n ts ; they  are 
p a rtia l  derivatives o f V w ith  re sp e c t to  th e  in te rn a l c o -o rd in a te s  $1 . 
For exam ple,
C urvilinear in te rn a l c o -o rd in a te s  are usefu l in th a t  they  re la te  m olecu lar 
p ro p e rtie s  to  read ily  u n ders tandab le  chem ical co n cep ts  o f m olecu lar 
s tru c tu re . They fa ll n a tu ra lly  in to  tw o c lasses. T hose which experience 
large  d isp lacem en ts  from  th e ir  equilibrium  value a t am bien t tem p era tu re s  
are  know n as la rg e  am plitude co -o rd in a te s; th is  ca tego ry  includes m otions 
such  as to rs io n  and inversion. Bond s tre tch in g  and ang le  bending fall 
in to  the  c la ss  o f  sm all am plitude co -o rd in ates, experiencing  on the  
w hole  only  re la tiv e ly  sm all d isp lacem en ts from  th e ir  equilibrium  values.
It is likely th a t  a physical p roperty  o f a m olecule w hich show s a s tro n g  
dependence on tem p e ra tu re  is closely  re la ted  to  one o r m ore large 
am p litude  m o tio n s o f th a t  m olecule.
1.2.2 R elation to  T em pera tu re  S tudies o f Radicals.
S tud ies on free  rad icals  e ith e r m uonic by pSR o r  o therw ise  by ESR 
have show n th e  iso tro p ic  hyperfine coupling c o n s ta n t in certa in  cases 
to  be a te m p e ra tu re  dependen t phenom enon. This is c learly  a re s u lt  
o f changes in th e  average radical s tru c tu re  w ith  tem p e ra tu re  due to  
changes in th e  po p u la tio n s  o f v ibrational s ta te s .
All m uonic rad ica ls  produced  by m uonium  add ition  to  unconjugated
(1.46).
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7t-sy s te m s  have Mu in the  (3-position w ith  resp ec t to  th e  unpaired 
e lec tro n . In sim ple  cases ( fo r  exam ple th e  ethyl rad ical — see C hap ter 2) 
changes in th e  m u o n -e lec tro n  hyperfine coupling can be a ttr ib u te d  to  
changes in a s ing le  large am plitude co -o rd in a te  — th e  to rs io n a l angle 
Y around  th e  bond  axis joining the  a to m s a -  and (3- to  Mu (usua lly  
C and C o r O and  C ). The angle y, as illu s tra te d  in Figure 1.4, in a 
sy stem  o f axes in w hich the  C -C  o r C -O  bond is p a ra lle l to  th e  y-ax is, 
and the  axis o f th e  p -o rb ita l  no tionally  contain ing  th e  unpaired  e lec tron  
is th e  z -ax is , is defined  as the  angle betw een  the  z -a x is  and the
p ro jec tion  o f  th e  C -M u o r O-M u bond on to  th e  xz plane.
Az
Newman p ro jec tion  o f
Figure 1.4   _ _x_^ a general unconjugated
m uonic rad ical.
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In a rad ical w ith  som e degree o f conjugative d e lo ca lisa tio n  in the 
T t-system  th e  p -o rb ita l  axis under consideration  is th a t  passing  th rough  
Cp w hich is p erpend icu la r to  the  nodal p lane o f th e  7 t-system .
The dependence o f the  coupling betw een  a 3 -nucleus X (X =H  o r Mu) 
and an unpaired  e le c tro n  contained  in an o rb ita l o f 7i:-symmetry on the  
to rs io n a l ang le  y can be expressed  as a Fourier expansion  o f even term s 
Ap(y) = AQ + A2cos2y  + A4c o s4 y  + . . .  (1.47)
In sim ple  cases  i t  is reasonab le  to  n eg lec t te rm s h igher th an  the  
second  and rew rite  th e  series in th e  form
A^(y) = A + B cos2y (1.48)
due to  H elle r and M cC onnell46, in which the f irs t, an g le -independen t 
te rm , A, can be considered  to  o rig inate  in an g le-independen t spin 
p o la risa tio n  p ro cesses , while the  second rep re sen ts  th e  change w ith
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y i n  t h e  i n t e r a c t i o n  b e t w e e n  t h e  n u c l e u s  X a n d  t h e  u n p a i r e d  7 t - e l e c t r o n  
density .
W hen the  change w ith  tem p era tu re  o f th e  |3-hyperfine coupling
c o n s ta n t  can be re la te d  in such a s tra ig h tfo rw a rd  way. w ith  a single
in te rn a l c o -o rd in a te  it  is sim ple to  ob ta in  in fo rm ation  regard ing  th a t
p o r tio n  o f th e  to ta l  m o lecu lar p o ten tia l energy  which varies w ith  the
c o -o rd in a te  in question . Here, the  quan tum -m echan ica l theo ry  o f 
47 48 49 50 51 52ro ta tio n a l  averaging ’ ’ ’ ’ ’ can be used  in o rd er to  de term ine  the  form
o f th e  ap p ro p ria te  one-d im ensional p o te n tia l energy function , and to  
e x tra c t  in s ig h ts  re la tin g  to  the  equilibrium  co n fo rm atio n  and the fac to rs  
in fluencing  it. ( For m ore com plex species, o r in a m ore so p h is tica ted  
tre a tm e n t, th e  p o ssib ility  o f coupling o f severa l large  am plitude  m otions 
m u s t be c o n s id e re d .)
1.2.3 Theory o f R o ta tional Averaging fo r  T orsional P rocesses having 
Periodic B arriers.
The one-d im ensonal H am iltonian o p e ra to r  fo r  in te rn a l ro ta tio n  can 
be w ritte n
w here I, th e  reduced  m om ent o f in ertia  fo r  in te rn a l ro ta tio n , defined 
as
is re la te d  to  th e  ra tio  o f th e  m om ents o f inertia  IT and Ip o f th e  tw o 
c o n tra - ro ta tin g  g roups ( th e  top , T , and th e  fram e, F, designa ted  
a rb itra rily )  ab o u t th e  to rs io n a l axis.
Regarding th e  to rs io n a l H am iltonian as  a p e rtu rb a tio n  o f the  z e ro th -  
o rd e r  free  in te rn a l ro ta tio n  H am iltonian, th a t  is,
(1.49)
f t  = H° + f t 1
w here
o -fi2 a 2 (1.52)21 dO2
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and
ft1 = VO) (1.53),
the  free  in te rn a l ro ta tio n  w avefunctions
i 1  ^i t a r* a \
K  -  U S «
( fo r  w hich th e  co rrespond ing  energy levels a re  En= n2, n=0, _+l, +2,... .^ n )
can be used  can  be used  as a s e t  o f  b asis  fu n c tio n s  from  which the
w av efu n c tio n s  co rrespond ing  to  the  h indered  in te rn a l ro ta tio n  H am iltonian
(1.49) may be  c o n s tru c te d . These are
ik = /== 2  c e ±lnQ' n = -oo, ....oo  (1.55).
J i 2tc n n
j = 1, . . .,2 n + l
For a genera l periodic b a rrie r it  is assum ed  th a t  th e  p o ten tia l energy 
can be  expanded  as a  Fourier cosine series  ab o u t the  equilibrium  value 
o f th e  to rs io n a l angle  0, th a t  is,
VO) = £ ^ ( l - c o s m S )  (1.56).
m  2
From  <ik IHI(J>.> th e  term s o f the  secu la r d e te rm in a n t are obtained  
J
in th e ir  g en e ra l fo rm
n  f i 2  2  x  V ^ nH - — n + /  —nn  21 m 2
H = -V  / 4  ; n* = n+ m ,n-m  (1.57),n f f  m  ’
H nn.= 0 ; n’ + n+m, n -m
For exam ple, if  th e  to rs io n a l p o ten tia l is purely  tw ofo ld ,
VO) = ^ ( 1  -  cos 20) (1.58),
the  d iagonal e lem en ts  o f the  secu la r d e te rm in an t are  given by
Hnn= f i 1,2 + T  (1S9)’
w hile the  n o n -z e ro  o ff-d iagonal e lem en ts  are
H nn. = -V 2/ 4  ; n ’= n+ 2 ,n -2  (1.60).
W here th e  tim esca le  o f the  experim en t is such  th a t  tra n s itio n s  
betw een  individual to rs io n a l s ta te s  canno t be d istingu ished , the  observed 
sp lit tin g  is given by a p o p u la tion -w eigh ted  average o f <Ap(y)>. over 
all (2m+l) values o f i. W ith
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<cos2y >j = < ilc o s 2 y li>  (1.61)
w here y, as previously defined, is re la te d  to  $ by th e  equation  y = ■9,+ $o»
$0 being  th e  value of the  d ihedral ang le  betw een  th e  axis o f the  p -o rb ita l  
and th e  bond to  th e  coupling nuc leus evaluated  a t  th e  p o ten tia l m inimum , 
th e  H eller-M cC onnell equation  (1.48) can be rew ritte n
<A^(y)>. = A + B <cos2y>. ;i=  l ,...,2 n + l (1.62).
Som e e lem en tary  b u t ted ious a lg eb ra  yields th e  fo llow ing  general 
ex p ress io n  fo r  <cos2Y>r
<cos2y >1 = Z c n[cn + |- c n+2(cos2#o-  sin20o) + ^ c n _2(cos2$0+sin2$0)] (1.63) 
For th e  tw o  special cases $  = 0° and $ = 9 0 °  which encom pass m o st
o f th e  exam ples d iscussed  here, th e  above exp ression  sim plifies to
-  I
2 n
and
<c o s2Y>i = ^  Z  c„( c n + ^  c n^2 ♦ | c n_2 ) ;S o = 0 °  (1.64a)
<cos2y>! = - | Z c n(cn - - | c n+2+ -|c n_2) ; »0 = 90° (1.64b).
W ithin a Boltzm ann d is tr ib u tio n  o f the  ensem ble am ong th e  to rs io n a l 
s ta te s  i o f energy E., the  3 -hyperfine coupling c o n s ta n t exp ressed  as a 
fu n c tio n  o f tem p era tu re  is
1< a £ > . e x p (-E ./k T )
ax (T ) =   (1.65)
S e x p l - E j /k T )
w here k is B oltzm ann’s c o n s ta n t ( = 1.380662xl0-2 3 JK -1 2 ).
For low  b arrie rs , approaching th e  lim iting case o f  free  in te rnal 
ro ta tio n , th e  appropria te  quan tum  num bers are th o se  o f free  in te rn a l 
ro ta tio n , and the  energy levels show  the  ch a ra c te r is tic s  o f  double  
degeneracy  fo r  n*0 and q u ad ra tic  dependence on n. For high b a rrie rs  
th e  lim iting  case is th a t  o f  th e  one-d im ensional harm onic  o sc illa to r, 
w ith  quan tum  num bers v and eigenvalues
Ev = (v + V2) h(o (1.66)
w here oj is th e  frequency o f th e  o sc illa to r. The co rre la tio n  betw een
30
th e se  tw o ex trem e cases w ith increasing  b a rrie r is exem plified  (fo r 
th e  case  o f a tw o fo ld  ba rrier) in Figure 1.5.
v 
a
"3
50>
39
w
20
10 i+r
o
20
Figure L5 C o rre la tio n  o f  energy levels asso c ia ted  w ith  a tw o fo ld  po ten tia l 
function  V2 , ind icating  th a t  fo r low  V2 th e  appropria te  quan tu m  num bers 
are th o se  o f  free  in te rnal ro ta tio n , w hereas sim ple harm onic o sc illa to r  
quan tum  num bers are  appropria te  fo r very high V2. (The u n its  on bo th  
axes are  a rb itra ry .)
In the  lim it o f high tem pera tu re , th e  occupation  num bers o f  the  
to rs io n a l s ta te s  becom e equal; the  s itu a tio n  is analogous to  c lass ica l
free  ro ta tio n . The lim iting value o f A^(T) is given by
X 2 < c o s 2y>.
lim A*(T) = A + B i 11 (1.67)
T^°° 2 m +1
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^  . o , 2m + 1
and, since 2A cos^ y>. = — -  (1.68),
i ^
th is  reduces to  th e  w e ll-know n  expression
lim A^(T) = A + B /2  (1.69).T>co p
In o th e r  w ords, th e  high tem p era tu re  lim it o f th e  average over all 
values o f i o f  the  ex p ec ta tio n  value o f cos2y is equal to  th e  average 
over 2tc radians o f th e  fu n c tio n  f(y) = cos2y.
The concep ts  and fo rm u la tio n s  sketched  above fo rm  th e  b as is  fo r 
th e  analysis of the  pSR d a ta  p resen ted  in the  fo llow ing  c h ap te rs .
1.3 The Use of Ab Initio Techniques In the Calculation of Free Radical
Properties.
A concep t fam iliar from  many te x ts  on m olecu lar quan tu m  m echanics
• Cois th e  "d ifficu lty  diagram ", o r "accuracy diagram " , in w hich on one 
axis th e  num ber o f fu n c tio n s  in th e  basis se t increases, w hile  on the 
o th e r  w hat is varied is th e  num ber o f e lec tron ic  con figu ra tions . In the  
b o tto m  le f t-h a n d  co rn er lie the  easy (b u t inaccura te) s ing le  de te rm inan ta l 
ca lcu la tio n s  which use a m inim al basis  se t. In the top  r ig h t-h a n d  corner 
i t  is com m on fo r the  w ords "Exact Solution" to  be placed, im plying 
th a t  w ith  a s a tu ra te d  b asis  s e t  in which core o rb ita ls , th e  valence shells , 
lo calised  w avefunctions o f h igher angu lar m om entum , and d iffu se  Rydberg 
fu n c tio n s  are all included, and w ith  a to ta l w avefunction o f m u lti-  
d e te rm in an ta l c h a ra c te r  em bodying all conceivable s u b s ti tu tio n s  ( single, 
double, trip le , and so fo r th )  in add ition  to  the  ground s ta te  configuration , 
in princip le  th e  exact so lu tio n  o f the  m olecular Schrodinger equa tion  
can be  achieved.
This view does n o t tak e  in to  accoun t re la tiv is tic  co rre c tio n s , in 
th e  case  o f which it is th e  m olecu lar Dirac equation  w hich is being 
num erically  approx im ated . Only fo r  m olecules contain ing a to m s o f high 
nuc lea r charge (Z>>40) is th is  level o f theory  a necessity  in o rd e r to  
c a lcu la te  m olecu lar p ro p e rtie s  to  a high level o f accuracy. A t le a s t
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tw o o th e r  a ssu m p tio n s  o f a m ore fundam ental na tu re , how ever, are 
a lso  tac itly  made.
F irstly , it is assum ed  th a t  in th e  co n stru c tio n  o f a w avefunction  
th e  m olecule may be iso la ted . On a philosophical level, i t  is w ell 
u n d ers to o d  th a t  th e  only  sy stem  fo r which the  Schrodinger equa tion  
has "abso lu te" valid ity  is the  universe itse lf , th a t  a ll su b sy ste m s  of 
th e  universe o f n ecessity  in te ra c t w ith  one ano ther, and th a t  under 
th e  in fluence o f even only very w eak in te rac tio n s  th e  re le v an t 
e ig e n s ta te s  are n o t pu re  p ro d u c ts , b u t ra th e r  are non -triv ia l linea r
53com binations o f p ro d u c t s ta te s  . This "en tang lem ent" o f sy s te m s  
is n evertheless casua lly  ignored  by th eo re tica l chem ists  using  th e  ab 
initio  m ethod  as a p rac tica l to o l. To som e e x te n t th is  behav iour is 
ju stifiab le  as th e  e x te n t o f in te rac tio n  is no t o f chem ical im portance  
u n less  the  in te rm o lecu la r d istance  is very sh o rt ( com pare, fo r  exam ple, 
the  rela tive s tre n g th s  o f th e  in te rac tio n s  involved in chem ical bonding, 
hydrogen bonding, and van der W aals' bonding).
The second im plic it approxim ation  is the  fundam ental p rinc ip le
to  which v irtua lly  a ll quan tum  concep ts  o f m olecular chem istry  owe
43th e ir  ex istence, nam ely th e  p o s tu la te  o f Born and O ppenheim er 
th a t , due to  th e  large d iffe rence  in scale betw een nuclear and e lec tron ic  
m asses, th e  tw o  c la sse s  o f pa rtic le  may be considered  sep a ra te ly  when 
solving the  S chrod inger equation . The succinct m ath em atisa tio n  o f  th is  
princip le is found in th e  p a rtitio n ed  m olecular H am iltonian o p e ra to r
A a  a  a  a= T + T +  V + V (1.70)n e n e
A A
w here Tn is the  k inetic  energy o p e ra to r o f the  nuclei and Te th a t  o f 
th e  e lec tro n s. The a ssu m p tio n  here  is th a t  the  m otion  o f  th e  e le c tro n s  
can be considered  in the  c o n te x t o f the  fixed C oulom b fie ld  o f  th e  
nuclei; in th e  e lec tro n ic  Schrodinger equation the  nuclei a re  considered  
s ta tionary , and th e ir  k inetic  energy is om itted  from  th e  B orn-O ppenheim er
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e lec tron ic  H am ilton ian
. n  n  N  7  n  n  j  N  N  ^
f t = - i y ? , 2 - H  1 + 1 1  —  + 1 1  - z-?z j  (1.7D
2 i= l  1 i= l  1=1 r i ( i > j j = l , r i rj* I>JJ=1
w here lo w e r-c a se  indices re fe r to  e lec trons, u p p e r-case  indices to  nuclei,
and th e  m olecu le  con ta in s  n e le c tro n s  and N nuclei respective ly . The
B orn -O ppenheim er approx im ation  th u s  in troduces a paradoxical dichotom y
betw een  th e  t re a tm e n ts  a ffo rded  nuclei and e le c tro n s  in quantum
53ch em istry ; in th e  concep tua l language of Prim as , i t  is considered  
m eaningful ( if  n o t c o rre c t)  to  say th a t  the  th ree  nuclei o f  C3 form  
an eq u ila te ra l trian g le , y e t a p a ra lle l p roposition  describ ing  the 
d isposition  o f  th e  th re e  e le c tro n s  o f an a tom  o f Li is un iversally  
recognised  as  m ean ing less. Techniques ex ist by m eans o f which the 
B orn-O ppenheim er approx im ation  can be tran scen d ed  ( fo r  exam ple,
ci
the  G enera to r C o -o rd in a te  M ethod of Van Leuven and L athouw ers );
a t  such  levels i t  is d iff icu lt to  speak o f m olecu lar s tru c tu re . M ethods
of th is  degree o f  sop h is tica tio n , however, are n o t in genera l use in
the  hands o f ch em ists , as chem ical m eaning and chem ical concep ts
are lo st. In m uonic species the  m ass ra tio  o f th e  nucleus to  the
e lec tro n  is le ss  th an  in any o th e r  chem ical s itu a tio n ; e ffe c ts  beyond
the  B orn-O ppenheim er A pproxim ation m ight th e re fo re  be  expected  to
m an ifest th em se lv es  m o st s tro n g ly  in such cases. Very accu ra te
55ca lcu la tio n s  by M cKenna and W ebste r upon all th e  po ssib le
iso topom ers o f th e  hydrogen m olecu le-ion  ( including m uonic species)
have ind icated  th a t  any such e ffe c ts  are ex trem ely  sm all. In th is  thesis
they  are  neg lec ted .
The n ecess ity  o r apposition  o f the  technique o f C onfigu ra tion
In te rac tio n  (C l)  , applied e ith e r d irec tly  o r th ro u g h  an ind irect
57approach  such  as M o lle r-P le sse t p e rtu rb a tio n  theo ry  o r the  C oupled 
C lu s te r  m e th o d 58, is co n tin g en t upon the  degree o f e le c tro n  co rre la tio n  
p re se n t w ith in  th e  species stud ied . This in tu rn  is re la te d  to  the  p resence
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and num ber o f e lec tro n ica lly  excited  s ta te s  having g eo m etrie s  close
to  th a t  o f th e  g ro u n d  s ta te . In th e  ethy l radical ( th e  su b je c t o f C hapter
592 o f th is  th es is  ) fo r  exam ple, recen t s tud ies have show n th a t  the  
lo w est-ly in g  exc ited  s ta te s  are Rydberg s ta te s  which are  e ith e r  dissociative 
o r p red issocia tive  in na tu re . Hence the  use o f Cl is n o t considered  
necessary  in th e  c a lc u la tio n s  p resen ted  here. However, i t  is possib le  
th a t  in rad ica ls  con ta in ing  oxygen (see  C hap ter 5) the  de loca lisa tion  
o f unpaired  spin  d en s ity  in to  o rb ita ls  cen tred  on the  O nucleus indicates 
th e  p resence  o f  a d e loca lised  7c-system w ith  accom panying low -ly ing  
an tibonding  0* and  k* o rb ita ls  tra n s itio n s  in to  which sh o u ld  be considered 
in th e  ca lcu la tion . N evertheless, largely  in the  face o f co m pu ta tiona l 
expense, such  e x c ita tio n s  are n o t em ployed here. I t  is a lso  w orthy  of 
com m ent th a t  th e  u se fu ln e ss  o f non-C I ca lcu la tions is d ras tica lly  
dim inished on p a r ts  o f the  po ten tia l energy hypersurface  o u ts id e  the 
im m ediate vicinity  o f  th e  equilibrium  geom etry.
A t the  s in g le -co n fig u ra tio n  SCF level used here som e recognisab le  
tre n d s  e x is t in th e  dependence of geom etrical and o th e r  p ro p ertie s  
upon the  size and  c h a ra c te r  o f the  basis se t o f atom ic fu n c tio n s. The 
e rra tic  and u n p red ic tab le  e ffe c ts  o f basis  s e t  su p erp o sitio n  e rro r  m itigate 
ag a in st the  use  o f m inim al basis s e ts  (such as STO -3G ). Since w hat 
is generally  so u g h t a f te r  in ab initio  ca lcu la tions is a good  descrip tion  
o f chem ical bonding , th e  dictum  guiding the  se lec tion  o f  la rg e r  basis 
se ts  is the  q ua lity  o f rep re sen ta tio n  o f the valence region. An econom ical 
m eans of ob tain ing  an accu ra te  descrip tion  o f the  valence e lec tro n s  
is the  use o f a sp lit-v a le n c e  basis s e t  such as 3-21G, 4-31G, o r 6-31G60 ; 
w hile th ese  b asis  s e ts  give only a minimal account o f co re  e lec tro n s , 
th e ir  dep iction  o f th e  valence sh e lls  is o f a quality  com parab le  to  th a t 
o f the  double o r  tr ip le  ze ta  basis s e ts  o f Dunning61. Bond len g th s  
ob tained  using th e se  basis  s e ts  are  usually  qu ite  accu ra te . E nlargem ent
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of th e  basis  s e t  beyond (and  som etim es, indeed, as far a s) trip le  ze ta  
level w ith o u t including th e  e ffec ts  o f e le c tro n  c o rre la tio n  ten d s  to  
w o rsen  s tru c tu ra l  p red ic tions, producing bonds which are  too  sh o rt.
This phenom enon  derives from  the coup led  fa c ts  th a t  a t  the  H artree - 
Fock lim it s ing le  configu ration  SCF o v e res tim a te s  e le c tro n  density  in 
bonding  reg ions, th u s  draw ing nuclei to g e th e r , w hile a t  th e  sam e tim e 
i t  n e g le c ts  in s ta n ta n e o u s  in te re lec tro n ic  rep u ls io n s . The inclusion  of 
p o la risa tio n  fu n c tio n s  in a basis s e t  can have q u ite  a  considerab le  e ffe c t 
on m o lecu la r geom etry , since sm all co n tr ib u tio n s  from  h ig h er-o rd er 
hybrid isa tion  s tru c tu re s  can influence bond  ang les  by a m a tte r  o f som e 
degrees.
The ca lcu la tio n  o f the  iso trop ic  hyperfine coup ling  c o n s ta n t a t 
a given nucleus N by ab initio  techn iques is p ossib le . This p roperty  
is re la te d  to  th e  m olecu lar e lec tron ic  w avefunction  Y by th e  equation
w here g and g N are  the  g -fa c to rs  fo r th e  e le c tro n  and the  nucleus, 
and 3 and 3N are th e  Bohr m agneton and th e  nuc lea r m agneton , 
respective ly , and th e  quan tity  <Y lp(rN)iY> is th e  ex p ecta tion  value 
o f th e  spin  density  evaluated  a t  nucleus N. In th e  LCAO approxim ation, 
equa tion  (1.72) becom es
given, fo r  a w avefunction  which is an u n re s tr ic te d  sing le  de te rm inan t 
co rrespond ing  to  p e lec tro n s  o f spin a  and q(<p) o f  sp in  3, by
W hile an u n res tric te d  sing le  d e te rm in an t w avefunction  y ields a b e tte r  
value fo r  th e  to ta l  energy o f a d o u b le t s ta te  than  does a ha lf-open  
sh e ll re s tr ic te d  H artree -F ock  w avefunction, i t  is n o t  an exact
AN = T  g^gN P N < Y I P(rN) I Y > (1.72)
AN ~ 3 & 3 g N 0 N ? ? PijP (1.73)
w here p.?pm  is th e  ijth  e lem en t of the  spin density  m atrix  pspln(r)
spin _
i]
(1.74).
e igen function  o f 3 2, experiencing con tam ina tion  from  h ig h er-o rd er
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m u ltip le ts , p rincipally  the  q u a rte t. V arious p ro jec tio n  techn iques 
(U H F-A SA 62, UHF-AA63, PUHF64’65 ) e x is t w hereby  th e se  con tam inan ts  
may be e lim inated . In general UHF w avefunctions give hyperfine 
coup ling  c o n s ta n ts  the  abso lu te  values o f w hich are  la rg e r than  th o se  
d e te rm ined  experim en tally , while the  p ro jec tion  techn iques give re su lts  
sm a lle r  th an  experim en t.
The fie ld  o f ab initio  quantum  chem istry  is flou rish ing , and many 
rev iew s are  p u b lish ed  each year, em bodying m any d iverse and in trigu ing  
sch o o ls  o f th o u g h t. A reasonab le  acquain tance  w ith  th e  s ta te  o f the  
a r t  can be achieved by perusal of tw o books. The f i r s t  o f these , by 
D y k stra66 , is a  m onograph  dealing very lucidly  w ith  th e  descrip tive
A 7c o n cep ts  o f  q uan tum  chem istry , w hile th e  second , by McW eeny , is 
a d e ta iled  h igh -level tex tb o o k  which ex p lo res  th o ro u g h ly  the  
m ath em atica l p rinc ip les o f advanced quan tum  chem istry , tak ing  the  
read e r to  th e  f ro n tie rs  of the  discipline.
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CHAPTER 2
The Ethyl Radical and its Muonium-Substituted Isotopomers.
'T h e  M agical U niverse, MU, is a universe o f many gods, o f te n  in 
con flic t."
W illiam  S. B urroughs
2.1 Introduction.
2.1.1 F irs t E xperim en ta l O bservations on th e  E thyl Radical and its  
D euterium  Iso to p o m ers .
The e thy l rad ical C2HS is an "unconjugated  7r-radical" , having 
an unpaired  e le c tro n  localised  in a 7 t-orb ita l considered  largely  to  
c o n s is t  o f a 2p o rb ita l cen tred  on a sing le  sp 2 carbon atom . A system  
o f 7 nuclei and 17 e lec tro n s , the  se c o n d -s im p les t alkyl radical, i t  has 
fo r  m any years o ffe red  its e lf  to  s p e c tro sc o p is ts  and theo re tic ian s  alike 
th ro u g h  i ts  e lec tro n ic  s tru c tu re  and dynam ical behaviour as a s tim u la tin g  
exam ple o f a species w ith  a doub le t e lec tro n ic  ground s ta te .
69 70 71 72The e a rlie s t  spec tro sco p ic  s tu d ies  o f th e  ethyl radical w ere by ESR, ’ ’ ’
and revealed  tw o  sep ara te  p ro ton  coup lings, one corresponding  to  th ree  
iden tica l p ro to n s , th e  o th e r to  an iden tica l pair, yielding a to ta l  o f 
tw elve lines in th e  spectrum . These w ere m easured  and assigned  as 
fo llow s: = 62.7 MHz, A ^  = 75.3 MHz, w here the  su b sc rip ts  a  and
3 re fe r  to  th e  p o sitio n s  o f the  p ro to n s  w ith  resp e c t to  the  radical 
cen tre . The coup lings w ere found to  be v irtually  invarian t w ith  
tem p e ra tu re  over th e  range 93 K to  298 K. The sam e independence o f 
tem p e ra tu re  w as found to  hold fo r  the  3"deuterium  coupling c o n s ta n t 
in th e  p e rd e u te ra te d  ethyl radical, CD2CD3 . However, in cases w here 
th e  rad ical p o sse sse s  tw o d iffe ren t hydrogen iso to p es  th e  3~couplings 
cease  to  be tem pera tu re -in d ep en d en t.
In CHD2CD2 the  3- p ro ton  sp littin g  w as found to  decrease w ith  
tem p era tu re  from  83.4 MHz a t 98 K to  79.5 MHz a t  188 K, and to  exh ib it 
a la rg e r 3“Pr° to n  coupling co n s ta n t th an  does C2HS and a sm alle r
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(3-deuterium  coupling (equ ivalen t p ro to n  sp littin g  70.8 M H z) th an  does 
C2D5 (equ iva len t p ro to n  sp littin g  74.5 M H z). These o b se rv a tio n s  su g g est 
th a t  th e  m ean to rs io n a l angle <y> in the  CHD2 group is d iffe re n t for 
H and  D (i.e. <yH> * <yD> ), w ith  con fo rm ations of h igher coupling 
favoured  fo r H w hile th o se  o f low er coupling are favoured  fo r  D. W ithin 
th e  H elle r-M cC onnell re la tio n 46, th is  is c o n s is ten t w ith  p re fe rre d  radical
g eo m etrie s  o f type (A). H
(A) J -
° y
.0
-D
D
(T he n o n -p lan a r ren d itio n  o f the  CD2 group in th is figu re  is based
73 74upon SCF ca lcu la tio n s  o f th e  geom etry  o f the  ethyl rad ical ’ .) The
m ean value o f th e  3-p ro to n  and scaled  3- deu teron  coup lings is, 
how ever, very c lo se  to  th e  value o f A ^  in C2HS or o f th e  equ ivalen t 
sca led  coupling in C2D5. It is th e re fo re  c lear th a t  th e re  e x is ts  som e 
d iffe rence  be tw een  a C -H  bond  and a C-D  bond which r e s u l ts  in a 
breakdow n o f free  to rs io n a l averaging around C-C. C o n co m itan t w ith  
th is  b reakdow n is th e  lo ss  o f s ix fo ld  sym m etry in the  b a rrie r  to  
in te rn a l ro ta tio n . F essenden ’s analysis o f his ESR re s u lts  w ith in  a theory  
o f ro ta tio n a l averaging sim ilar to  th a t  d iscussed  in C h ap te r 1 found 
th e  d a ta  to  be c o n s is te n t w ith  a tw ofo ld  p o ten tia l b a rr ie r  o f  around  
385 J  m ol" 1 47 .
7 5S tud ies o f th is  rad ical by Pacansky and Coufal using th e  technique 
o f in fra red  sp ec tro sco p y  and an approach based  upon th e  "deu terium  
iso la tion" m ethod  o f McKean e t al.76 led them  to  conclude  from  their 
observa tion  o f only  a sing le  m ethyl C -H  s tre tc h  th a t  th e  b a rr ie r  to  
in te rn al ro ta tio n  w as very low or nonex isten t. It th e re fo re  seem s fair 
to  s ta te  th a t  th e  tem p e ra tu re -d ep en d en t ESR experim en t is a superio r 
m ethod  o f evaluating  sm all b a rriers  to  in ternal ro ta tio n  in free  radicals,
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d esp ite  the  "better"  tim escale  of in frared  spectroscopy .
The radical CDH2CH 2 w as stud ied  by McKenna and c o -w o rk e rs77’78 
using  ESR sp ectro scopy  a t tem p era tu re s  ranging from  163 K to  273 K 
and th e  a -p ro to n , (3-proton, and (3-deuteron coupling c o n s ta n ts  m easured. 
W hile show ed l it t le  varia tion  w ith  tem pera tu re , a tem p e ra tu re  
dependence w as found to  ob tain  b o th  in and A^j, the  fo rm er 
coup ling  being larger, w ith  a negative coeffic ien t o f tem p era tu re , 
th e  la t te r  (sc a led )  coupling  sm aller, w ith  a positive  co effic ien t o f 
tem p era tu re .
78I t  has been s ta te d  by Ramos e t al. th a t  the  tem p era tu re
dependences o f A^ H and A ^  in th is  radical are c o n s is ten t w ith  an
equilibrium  confo rm ation  such  th a t  -£^(D)= 90°. Such a "staggered"
co n fo rm atio n  is in c o n trad is tin c tio n  to  the  SCF m inimum  energy 
* 73geom etry  o f C2HS , which is of the  "eclipsed" type ( the  te rm s  
"eclipsed" and "staggered" here refe rring  to  w hether o r n o t a C -H  
o r C-D  bond ec lip ses the  axis o f the  2p o rb ita l on th e  rad ical cen tre  
carbon  a tom  in which th e  unpaired e lec tron  no tionally  re s id e s) , and 
im plies th a t  fo r  th is  rad ical the  to ta l  v ibrational z e ro -p o in t energy 
is so  m uch low er in th is  s tag g ered  form  than  in any o f th e  ec lip sed  
fo rm s th a t  th e  e lec tron ic  energy b a rrier generally  th o u g h t to  favour 
th e  ec lip sed  form  is overcom e. C onsideration  o f Figure 2.1 show s th a t  
th e  above assum ption  is n o t a necessary  condition fo r  th e  observed  
behav iour o f th e  H and D coupling co n stan ts .
Figure 2.1
(I) (II)
H
Figure 2.1(1) show s the  s taggered  conform ation  o f the  m o n odeu tera ted  
e thy l rad ical which has been described  above. Figure 2.1(11) show s one of
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th e  th ree  p o ssib le  ec lipsed  confo rm ations. It w ill be d e m o n s tra ted  th a t  
the  observed  behaviour o f th e  coupling c o n s ta n ts  can be accoun ted  fo r 
if th e  m inim um  energy confo rm ation  is an ec lip sed  con fo rm ation , b u t 
n o t th a t  in w hich it is th e  C-D  bond th a t  ec lip ses  th e  2p o rb ita l.
F irs t o f a ll no te  th a t  in the  high tem p e ra tu re  lim it o f free  in te rnal 
ro ta tio n  the  average to rs io n a l angle
<y(H)> = <y(D)> = tc/ 4  (2.1).
In cases  w here §(H) o r D(D) is le ss  than  t c / 4  in th e  confo rm ation  o f 
le a s t  energy ( fo r th e  sake o f convenience, and w ith o u t lo ss  o f 
genera lity , $ w ill be m easu red  such th a t  0 z &£tc/2  fo r  th e  du ra tion  
o f th is  a rg u m e n t) , w ith in  the  H eller-M cC onnell re la tio n sh ip  th e  
co rrespond ing  H o r D (3-hyperfine coupling c o n s ta n t is expected  to  
decrease  m ono ton ica lly  to w ard s its  infim um . C onversely , w here 
$Q(H) (o r  0q(E>) ) > 7 t/4 , APh  ( o r  A ^ )  is expected  to  increase  w ith  
tem p e ra tu re  to w ard s its  suprem um . C oncisely exp ressed ,
&0(X) < tc/4  =^ > dA x /d T  < 0 (2.2a)
S0(X) > 7c/4 => dA x /d T  > 0 (2.2b)
w here X is H o r D. Since in th is  radical th ere  e x is t  s itu a tio n s  w here 
the  to rs io n a l ang les o f th e  tw o m ethyl p ro to n s  are  unequal, the  quan tity  
^ (H ) = cos-1 [( c o s ^ I H j)  + co s2$o(H2) ) /2 ]1/2 (2.3)
is in troduced .
W ithin th e  m odel dep ic ted  in Figure 2.1(1), $o(H)= t t/6  and 0Q(D)= k / 2 , 
and the  experim en tally  observed  behaviour is an tic ipa ted . In th e  case 
o f a m inimum  energy geom etry  which is eclipsed , as in Figure 2.1(11), 
and w here th e  to ta l  con fo rm ationa l energy is the  sam e reg a rd le ss  o f 
w h e th er it is Hj, H2, o r D th a t  eclipses the  2p o rb ita l, i t  is found 
th a t  $0(H) = t c / 4  and 0Q(D) = 2n/9 . The tem p era tu re  dependences assoc ia ted  
w ith  such a s itu a tio n  are  d iffe re n t from  th o se  observed . How ever, in
a m odel which recogn ises th a t  a conform ational energy d iffe rence  ex is ts
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betw een th o se  g eo m etrie s  in which a p ro to n  eclipses the  2p o rb ita l
and those  in w hich the  deu teron  does so, and favours th e  fo rm er
s itua tion  (Figure 2.1(H)), i t  is then  tru e  th a t  $Q(H) * t z / 5  and ^o(D )= tt/3 ,
which again rep ro d u ces  the  experim ental behaviour. In n e ith e r of the
possib le  valid m odels  is the  b a rrie r  to  in te rnal ro ta tio n  w ell rep resen ted
by a single tw o fo ld  term .
The high te m p e ra tu re  lim it o f the  [3-proton (o r  sca led  3 -d eu te ro n )
hyperfine coup ling  c o n s ta n t, given by equation  (1.69) in cases w here
a f i t  to  the  ex p erim en ta l da ta  is possib le , rep re sen ts  a s itu a tio n  o f
free  to rs io n a l averaging around th e  C -C  bond, a s itu a tio n  equivalen t
to  th a t  in fe rred  to  prevail in the  u n su b s titu te d  e thyl rad ical C2HS and
in the  p e rd e u te ro e th y l rad ical C2DS . This is the  value to w ard s  which
the  tem p e ra tu re -d ep e n d e n t p ro to n  (and  scaled  d eu te ro n ) couplings
tend  b o th  in CHD2CD2 and in CDH2CH2.
2.1.2 M u o n iu m -S u b stitu ted  E thyl Radical Iso topom ers.
The likely cond itions o f fo rm ation  of param agnetic  m uonic species
to g e th e r  w ith  a m ethod  fo r th e ir observation  were p u t fo rw ard  by 
7 9Brodskii in 1963 , b u t  it  is p robab le  th a t  the  f ir s t  in ten tio n a l labora to ry
generation  o f a m uonic e thyl rad ical w as in the  sem inal m uonium
24chem istry  ex p erim en ts  o f M obley in 1966 , in which th e  chem ical 
reaction  o f Mu w ith  a s u b s tra te  -  in th is  case e th e n e -  w as m easured 
by the  rem oval o f th e  fo rm er from  reso n an t s ta te s . A t th is  tim e no 
study  was m ade o f  th e  p ro d u ct form ed. It was over a decade la te r  
th a t  the  adven t o f  pSR spec tro sco p y  m ade possib le  th e  d e tec tio n  and 
study  o f m any novel iso topom ers  o f th e  ethyl radical each containing 
a single a tom  o f th e  lig h t hydrogen iso tope  m uonium .
As no ted  in C h ap te r 1, a t  le a s t tw o d is tin c t m echanism s can be 
p o s tu la ted  fo r  th e  fo rm ation  of m uonic rad icals in u n sa tu ra te d  m ateria ls, 
b u t the  ne t e ffe c t  o f each may be described  as the  add ition  o f an atom
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o f m uonium  to  the  ca rbon -carbon  double  bond. In the  case o f e th en e
Mu + CH2=CH2 -----> CM uH 2-C H 2 (2.4).
The f i r s t  pub lished  rep o rt o f the  d e tec tio n  o f the  m uonic e thy l
rad ica l (a long  w ith  43 o th e r  m uonic rad ica ls) was by R oduner and 
80co -w o rk e rs  , who m easured  the  m u o n -e lec tro n  hyperfine coupling
c o n s ta n t  a t  six tem p e ra tu re s  w ith in  th e  liquid range o f ethene. The
te m p e ra tu re  dependence o f A'^, found  to  be m uch s tro n g e r  th an  th a t
o f  the  [3-proton coupling c o n s ta n t in CHD2CD2 , ind icates the  in fluence
o f a s tro n g  iso to p e  e ffec t, occasioned  by the  large m ass ra tio  Mu:H,
upon th e  dynam ics o f the  radical, and hence the  possib le  ex istence
o f a large  tw o fo ld  term  in the  p o te n tia l b a rrie r  to  in te rn a l ro ta tio n .
By use o f th e  m ethod  of ro ta tio n a l averaging, Ramos e t alia81,82
ca lc u la te d  a to rs io n a l b a rrie r  o f  2845 Jm o l-1 fo r  th is  radical, a figure
47seven tim es g re a te r  than  th a t  found  by Fessenden in the  rad ical
CHD2CD2. W ebster, Ramos, and R oduner con tinued  th is  fasc inating
s tu d y  by exam ining the param agnetic  p ro d u c ts  ob tained  by m uon
78 80 82 83irrad ia tio n  o f several deu terium  iso to p o m ers  of e thene  ’ ’ ’ . The
iso to p o m ers  and corresponding  p ro d u c t rad icals are show n below . 
CH2=CH2 --------------- > CH2M u-C H 2
c h d = c h 2
c h d = c d 2
CH DM u-CH2
CH2M u-CHD
CHDM u-CD2
CD2M u-CD2
c d 2= c d 2 --------------- > CD2M u-CD2
In th e ir  su b seq u en t analysis o f  th e  tem p era tu re -d ep en d en t hyperfine 
coupling  in th ese  rad icals they assum ed  a dom inant tw o fo ld  te rm  in 
th e  b a rrie r  to  in ternal ro ta tio n , w ith  p o ten tia l minima a t  9(M u)=0 and 
0(Mu)=tc. This view is c o n s is te n t w ith  the  sign o f ^ ^ / d T .  The values 
e x tra c te d  from  th is  analysis fo r  th e  p o ten tia l barrier V2 in each o f
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th e  m uonic iso to p o m ers  stud ied , to g e th e r  w ith  the  hyperfine p a ram ete rs  
A and B co rrespond ing  to  these  so lu tio n s  and the  high tem p era tu re  
lim it o f the  hyperfine coupling, given by A + B /2, a re  show n in Table 2.1.
Table 2.1 T w ofo ld  b a rrie rs  to  in te rn a l ro ta tio n  and co rrespond ing  
hyperfine coupling  p a ram ete rs  fo r  m uonic ethy l rad ical iso to p o m ers82. 
V2 is in J m o l-1; A, B, and A+B/2 are  in MHz.
Radical v 2 A B A+B/2
CH 2M uCH2 2845 -16.3 191.0 79.2
CHDM uCH2 2704 -13.1 190.6 82.2
CH 2MuCHD 2483 -17.6 198.9 81.9
CHDM uCD2 2927 - 20.0 201.7 80.9
CD2MuCHD 2898 - 20.0 200.7 80.4
CD2MuCD2 3452 -23.4 197.1 75.2
R e-exam ination  o f the  da ta  using a d iffe ren t f ittin g  algorithm , based
84upon  the  sim plex  m ethod  of N elder and M ead , y ielded re s u lts  which
in th e  m ajority  o f cases d iffe r from  th o se  tab u la te d  by less  than  1%.
47In the  Discussion section  o f his 1964 paper, Fessenden  su g g ests
th a t  it  may be valid to  p artition  th e  p o ten tia l b a rr ie r  to  in te rn al ro ta tio n
in e thy l rad ical iso to p o m ers  in to  a se ries  o f pairw ise in te rac tio n s  be tw een
a su b s ti tu e n t on Ca and one on C^.
V = Z Z V ij (2.5)
i j
Ramos e£ al. em ploy th is  approach  in the ir s tu d y  o f th e  m uonic 
iso topom ers . By expressing  each pairw ise in te rac tio n  as a Fourier series 
o f even te rm s tru n c a te d  a t the tw o fo ld  term  and considering  the  case
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o f the  rad ical CXYZCA2 ( X ,Y ,Z ,A  = M u,H ,D ) they  ob tain  the  follow ing 
equa tion
V= V -  V .max min
= [( 2V,XAcos23x  + 2VYAcos2SY + 2V ?Ac o s 2 ^  )2 *- Z  o  z o  z o
+ (2 V ^ A sin25-0X + 2VYAsin2$Y + 2V2 Asin2$;f )2] V2 (2.6)
H ence they  derive th e  values o f vJPh , V^*H, and w ith
re s p e c t  to  V ^ 0 , and  from  these  re c o n s tru c t ca lcu la ted  b a rrie rs  to  
in te rn a l ro ta tio n  b o th  in those  rad icals s tud ied  experim en tally  and in 
th o se  derived fro m  C H 2=CD2, ye t to  be stud ied . W ith  one exception  
( th e  re la tiv e  p lacem en t of CD2MuCHD and CHDM uCD2 ) th e  trend  
ex p erim en ta lly  observed  is co rrec tly  rep roduced  by th is  m ethod, 
a lth o u g h  th e  num erical values ca lcu la ted  fo r V2 d iffe r  from  th o se  
ob tained  d irec tly  from  the  experim ental da ta  by up to  ab o u t 10%. It is 
likely th a t  one o f  th e  fac to rs  con tribu ting  to  th e  inaccuracy of the 
d eco m p o s itio n -re co n s tru c tio n  m ethod  is the  assum ption  o f a tw ofo ld  
overa ll b a rr ie r  in th e  in itial analysis o f the  experim en tal data . W hile 
the  very la rg e  iso to p e  e ffe c t raising th e  tw ofo ld  te rm  in th e  po ten tia l 
b a rr ie r  in CH 2M uCH 2 by a fac to r o f seven w ith  re sp e c t to  th a t  in CHD2CD2 
can be sim ply acco u n ted  fo r (in the  f ir s t  instance, a t  any ra te )  by the 
d iffe rence  b e tw een  th e  iso top ic  m ass ra tio s  M u/H  (^1:9) and H /D  (^1:2) 
it  is p robab ly  u n reasonab le  to  expect th a t  the  su b tle  in terp lay  o f essen tia lly  
tw o fo ld  pairw ise  in te rac tio n s  betw een  s u b s ti tu e n ts  on Ca  and Cp can 
be ad equate ly  u n d e rs to o d  through  the  varia tion  in a tw o fo ld  overall 
p o te n tia l b a rrie r. The inclusion o f a s ix fo ld  te rm  in the  in itial analysis 
to  derive th e  b a rr ie r  m ight improve the  re s u lts  o f such  a decom position- 
rec o n s tru c tio n  p rocedure .
A lthough  th e  above technique does n o t o f i ts e lf  consider the
82physical orig in  o f  th e  pairw ise term s, Ramos e t al. n o te  th a t  the
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r e s u l ts  o f th e ir  analysis po in t tow ards an ex p lan a tio n  o f the  barrier
th ro u g h  th e  co n cep t o f d ifferen tia l s te ric  h indrance betw een  ligh ter
and heavier iso to p es , th e  ligh ter experiencing th e  e ffe c t to  a g rea ter
e x te n t  th an  th e  heavier, th is in tu rn  being acco u n ted  fo r  in te rm s of
an in te rac tio n  rad ius which is g rea te r fo r the  lig h te r  iso to p e  than  fo r
th e  heavier. W ith  the  assum ption  th a t  the  r e s t  o f the  m olecule is a
85rig id  s tru c tu re  o f "infinite" m ass, Cox e t al. e s tim a te  th e  ra tio  of 
Mu and H co valen t radii to  be 1.7:1 (fro m  (rciH / m MlA  ). (Indeed, 
view ed w ith in  a s im p lis tic  fram ew ork in w hich th e re  is a driving force 
fo r  every vicinal pair o f su b s titu e n ts  to  ad o p t a m u tua lly  transoid  
g eo m etrica l re la tio n sh ip , it  can be seen th a t  th e  experim en tal re su lts  
b ea r o u t  a s itu a tio n  in which the s te ric  rep u ls io n  is g re a te s t  betw een 
th e  C p -su b s titu e n ts  and Mu.)
2.1.3 Physical M odels o f the  Vicinal In te rac tio n s .
M ore rec e n t s tu d ie s  hae a ttem p ted  to  assign  physical in te rp re ta tio n s
86to  th e  pairw ise  vicinal in te rac tions. C lax ton  and Graham  have employed 
a m odel in w hich th e  individual C -X  bonds ( X= Mu, H, D ) are regarded 
as in dependen t o sc illa to rs  making separa te , additive co n trib u tio n s  to  
th e  z e ro -p o in t v ibrational energies o f the  s ta g g e red  and eclipsed 
co n fo rm atio n s  in o rd e r to  e x tra c t favoured c o n fo rm atio n s  and barriers  
to  in te rn a l ro ta tio n  in ethyl radical iso topom ers  b o th  know n and 
unknow n. Their equation  
AH = “ E “ S
= 227.84 + 1031 /m ^2 -  3 3 6 [( l /m Y )V2 + ( l / m Y . V2]
-  233 [(1/m z f/2 + ( l / m z .)1/2] (2.7)
(w h ere  X is th e  su b s ti tu e n t on Ca  which tak es  th e  $ = 0  position  in 
the  ec lip sed  con fo rm ation  and the 8 = 7i /2  po sitio n  in the  staggered  
con fo rm ation , Y and Y' are the  o th e r tw o s u b s ti tu e n ts  on Ca , and 
Z and Z ’ are  th e  su b s titu e n ts  on Cp), ob tained  using U H F-SC F
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c a lc u la tio n s  of confo rm ational energ ies and v ibrational z e ro -p o in t 
energ ies, rep roduces  experim ental tre n d s  w ell fo r cases in w hich th e  
geom etry  o f m inimum  energy is th o u g h t to  be o f the  eclipsed  type, 
b u t  fa ils  fo r  CDH2CH2 , which is u sua lly  considered  to  have a 
s ta g g e red  m inim um  energy co n fo rm atio n  in which (MD) = 7c /2. These 
a u th o rs  find th a t  the  assum ption  o f a co n fo rm atio n  o f m inim um  to ta l  
energy  which is o f the  s tag g ered  type b u t  has $(D) = 7t /6  y ields a 
"b e tte r"  value fo r  the  barrier. H ow ever, i t  shou ld  be no ted  th a t  such  
a p re fe rre d  confo rm ation  does n o t y ield  th e  c o rrec t tem p era tu re  
dependence o f AH and AD. (In  a s h o r t  com m unication  pub lished  a t
87ab o u t the  sam e tim e , the  sam e a u th o rs , using an a rgum en t in which 
iso to p ica lly  dependen t v ibrational z e ro -p o in t energ ies obtained  from  
fin ite  p e rtu rb a tio n  SCF force c o n s ta n t ca lcu la tio n s  are sim ply added 
on to  confo rm ationa l energ ies ob ta ined  a t  th e  UHF-SCF level w ith  
a m edium -sized  basis se t, ca lcu la te  th e  favoured conform ation  o f 
CDH2CH 2 to  be th a t  in which $(D) = 7t / 2.)
R ecent w ork a t  G lasgow  has ad o p ted  an approach superfic ially
sim ila r to  th a t  o f C lax ton  and G raham , yield ing a s e t o f equa tions
in w hich th e  iso topom eric  co n fo rm atio n a l energy d ifferences are again
88ex p ressed  in te rm s re la te d  to  the  m asses  o f the  su b s titu e n ts  . In 
th is  m ethod  th e  assem bly  o f independen t o sc illa to rs  is taken  as the  
z e ro th -o rd e r  approxim ation  in a p e rtu rb a tiv e  schem e based  upon the  
w ork  o f  B a rte ll89.
2.1.4 P ertu rb a tio n  Approach to  Iso to p o m eric  V ariations in C onfo rm ationa l 
Energy.
In th e  u n pertu rbed  s ta te  th e re  is  no in te rac tio n  betw een  th e  
o sc illa to rs . The assum ption  is m ade th a t  th e  m otions o f the in te rac tin g  
su b s ti tu e n ts  ab o u t th e ir equilibrium  p o sitio n s  can be tre a te d  as the  
su p erp o sitio n  o f tw o o sc illa to rs , one describ ing  the  m otion o f th e
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s u b s ti tu e n t  re la tive  to  the carbon  a tom  to  which i t  is bonded, the  
o th e r  describ ing  the  accom panying m otion  in th e  rem ainder o f the  
m olecu le . (T he f ir s t  o f th ese  depends on th e  m ass o f the  su b s titu e n t; 
th e  second , to  a f ir s t  approxim ation , does n o t . ) A tim e-average 
p ro b ab ility  d is tr ib u tio n
P(x) = ( 2t t x 2 ) e x p (-x 2/2  x2) (2.8)
(w here  x is th e  d isp lacem en t from  th e  equilibrium  in te rn u clear d istance) 
d esc rib es  th e  separa tion  of the  a tom s. This can be fac to rised  in to  
co m p o n en ts  co rrespond ing  to  the  tw o  o sc illa to rs .
PniXm' = ^27r Xm^ _1/2 eXP^ ”Xm/2 X m^  (2.9a)
P (x ) = (27rx2 ) /z e x p (-x 2 / 2 x 2 ) (2.9b)s s s s s
(T he  x m com ponen t co rresp o n d s to  the  m ass-d ep e n d e n t o sc illa to r.)
In th e se  eq u a tio n s  x ^  and x 2 are the  m ean -sq u are  values o f the  
co m p o n en t d isp lacem en ts  xm and x s . They sum  to  give the  m ean- 
sq u are  value o f th e  to ta l d isp lacem en t x.
x2 = x 2 + x 2 (2.10)m s
Now th e  non -bonded  in te rac tio n  o f the  o sc illa to rs  is in troduced  
in th e  fo rm  o f th e  po ten tia l fu n c tio n  V (r), w here r  is the  d istance 
b e tw een  in te rac tin g  atom s. W ith V (r) a weak coupling betw een nearly  
ind ep en d en t o sc illa to rs  o f am p litu d es  respective ly  xm and xs , th e  average 
n o n -b o n d ed  p o ten tia l is described  by equation  (2.11).
V ( r )  = r f v ( r ) P ' (x ) P ( x  J d x  d X<s (2.11)g J  J  m  m s s m s°  —OO —CO
This is th e  average f ir s t-o rd e r  p e rtu rb a tio n  energy. In o rder to  ob tain  
a u se fu l exp ression  fo r V(r) a T aylor expansion  abou t the  equilibrium  
se p ara tio n  rg is carried  o u t to  yield
V = ZVlj(rg) * 2 x , . ( ^ ) rg ♦ (2.12).
U sing th is  exp ression  fo r V, and w ith in  th e  harm onic approxim ation 
w ith  additive pairw ise p o ten tia ls , in teg ra tio n  o f equation  (2.12) according 
to  equa tion  (2.11) produces an expression  fo r  the  average f ir s t-o rd e r
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pe rtu rb a t io n  energy V in te rm s  o f  the  m ean-square  to ta l  d isp lacem en ts  x2.
V(rg ) = V(rg) + i ^ V ”(rg ) + -Q U 2) V"'(rg) + . . . (2.13)
Hence it is seen th a t  the  f i r s t -o rd e r  p e rtu rba t ion  energy increases  with 
the  to ta l  m ean -square  d isp lacem ent. Equation (2.13) can be used  d irectly  
to  a sse ss  the  e f fe c t  o f  iso topic  su b s t i tu t io n  upon the  f i r s t - o r d e r  energy. 
As an example, the  pe r tu rb a t io n  energy difference incurred  by an iso topic  
su b s t i tu t io n  of H fo r  D is show n in equation (2.14).
[v<rg>]H-[v< rg>]D = * ! r * l J v ''(rg) t  s [ ( ^ Hf - (* y 2 ] V''■'<rg)+ •■•
= | ( x j j -  x | , ) [ V ' ' ( r g ) + lj( x | j+ x | , ) V " ' ' ( r g )] + . . .  (2.14) 
N eglecting all te rm s  b u t  the  f irs t ,  th is  becomes
[V(rg) ] H- [ V ( r g ) ]D = x*D >[ V"(rg)] (2.15).
Treating  the  C -H  and C-D o sc il la to rs  as diatomic v ib ra to rs  the  m ean- 
square  d isp lacem en t x ^  is inversely proportiona l  to  the  square  ro o t  
of the  reduced  m ass  of the  osc il la to r.  That is,
X m H  a  ^c h  (2.16a)
X m D  a  ^c d  (2.16b)
and the  m ean -square  d isp lacem en ts  of the tw o  o sc il la to rs  have the  
fo llow ing rela tion.
(2.17)
X2 V ^ C D  Jm H
S u bs t i tu ting  (2.17) in to  (2.14) an expression fo r  the non-bonded  
in te rac tion  in te rm s  o f  x 2 „  is obtained.m n
[ V(rg ) ] H “ [V (rg ) ] D = 2 ( XmH -  ( ^ ^ c d )  2 Xm H ^  (2.18)
In o rder  to  solve th is  equation  i t  is nex t necessary  to  ob tain  a value 
fo r  the  m ean-square  d isp lacem ent o f  the  carbon-hydrogen  osc il la to r .  
W ithin the m odel of the  vibrating diatomic th is  quantity  is re la ted  
to  the  vibrational frequency of the  o sc il la to r  th rough  the  equation  
x ^ H = h / (  8 tu2[ic h v ) (2.19).
Using values fo r  v obtained from  the  infrared spec trum  o f  the  e thyl
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rad ica l90 , the  individual pairwise po ten t ia ls  can be ca lcu la ted .  From 
th ese  the ba rr ie rs  to  in te rnal  ro ta t ion  in the  various i so to p o m ers  of 
the  ethyl radical can be rec o n s tru c te d  in a m anner ana logous  to  th a t
QO •
of  Ramos et al . For the  case o f  the  radical CXYZCAB, where
X, Y, Z, A and B are  all iso topes  of H, and X is the  s u b s t i tu e n t
88eclipsing the  2p o rb ita l  o f  C3, B u tta r  ob tains  the  genera l equation  
v  « 1 3 3 3 ^ i  -  649.01
2 7 i iC^ X
1 1 1 1
^ C Y  ^ C Z
-  312.415
^ C A  ^ C B
624.83
( 2 .20 )
+
and using th is  equa tion  genera tes  a s e t  of barr iers  to  in te rnal  ro ta t io n  
fo r  the  various m uonic ethyl radical iso topom ers  on which experim ental 
d a ta  exist. The experim enta l  trends  are found to  be reproduced .
While i t  is the  case th a t  the  technique described above as i t  has 
been applied so fa r  involves several levels of approx im ation  which 
impair i ts  quan ti ta t ive  accuracy, i t  is a lso  no tew orthy  th a t  in principle 
all these  approx im ations can be overcome, and higher levels of 
soph is tica tion  can be incorporated , such as the  inclusion of anharm onicity  
in the  descrip tion  o f  the  osc il la to rs ,  or the  use o f  h igher te rm s  in 
the  p e rtu rba t ion  energy difference equation (2.14).
2.1.5 The Potential W ell and the Torsional Eigenvalues.
I t  is instructive  to  consider the  quantum -m echanical eigenvalues 
of the  to rs ional Ham iltonian corresponding to  the  so lu t io n s  fo r  A,
B, and V2 obtained  by f it ting  o f  the  experimental da ta  on th o se  ethyl 
radical iso topom ers  fo r  which the barr ier  to  in ternal  ro ta t io n  is largely 
tw ofold . Special a t te n t io n  will be given to  the  rad icals  CMuD2CD2 
and CHD2CD2, which will serve to  i l lu s tra te  the  s im ilarit ies  and 
differences be tw een  the  s itua tions  engendered by addition  o f  Mu to  
CD2=CD2 ( perd eu te ro e th en e )  and by addition of H to  the  sam e olefin.
For the non-m uon ic  radical the  tw ofold  barr ier  to  in te rna l  ro ta t io n
50
was reca lcu la ted  using the simplex m ethod of function  minimisation84,
to  yield a value o f  363 J mol 1 for V2. The an g le - independen t  hyperfine
pa ra m e te r  A was assum ed  to be zero. The difference  be tw een  this resu l t
82and th a t  o f  Ramos et al. lies primarily in the  fac t  th a t  in bo th  cases
the  da ta  po in ts  w ere  physically m easured from  the  graphically  displayed
47r e s u l t s  o f  Fessenden  . These m easurem ent e rro rs  are assum ed  to 
be random . Using th is  value of V2 and with  a basis  s e t  of 21 torsional 
w avefunctions  th e  secular  problem fo r  in ternal ro ta t io n  hindered by 
a sm all  periodic p o ten t ia l  barrier  was solved in the  m anner  described 
in C hap te r  1. Three to rs ional levels were found to  lie within the 
po ten t ia l  well, loca ted  a t  E1=142Jm ol i , E2 = 1 7 6 Jm o l  1 and E3 = 355 J m ol-1. 
The s itua tion  is depic ted  in Figure 2.2. If the popu la t ions  o f  the  torsional 
s ta t e s  are  p resum ed  to  follow a Boltzm ann d istr ibu tion , then  a t  150K, 
a typical experim en ta l  tem pera tu re  fo r  liquid e thene, 45% of the radicals 
in the  ensem ble  will lie in energy s ta te s  within the  to rs iona l  potentia l 
well.
In the  case o f  the  muonic radical the  reca lcu la ted  value of V2 
(3452 J mol 1 ) agrees  exactly  with th a t  of Ramos e t al. Upon solving 
the  secu la r  problem , seven torsional eigenvalues were found  to  lie within 
the  well, a t  E1= 568 J m o l  \  E2 = 568 J m o l  1, E3 = 1643 J m o l  1, E4 = 1647 J  mol \  
Es =2556 J m o l -1, E6 = 2608 J m o l -1, and Ey = 3214 J m o l -1. The barrier  and 
eigenvalues are show n in Figure 2.4. At 150 K 91% of the  radicals  have 
energies which place them  within the  well.
The B oltzm ann d istr ibu tion  of radicals among the  energy levels 
w ithin the  tw e n ty -o n e  wavefunction expansion is show n fo r  CHD2CD2 
in Figure 2.4(a) and fo r  CMuD2CD2 in Figure 2.4(b). In CHD2CD2 
the  ba rr ie r  to  in ternal  ro ta tion  is suffic ien tly  low th a t  th e  eigenvalue 
pairing charac te r is t ic  o f  free internal ro ta t ion  is seen above E3. In the 
muonic radical the  s itua tion  is som ew hat d ifferent.
51
500
450
00
50
0
- 180 - 150 - 120-90  -60  -30  0 30  60  90  120  150 180
• ^ / d e g r e e
Figure 2J2 The tw o fo ld  barr ier  to  internal ro ta t ion  in CHD0CD2 showing 
the  to rs ional levels lying within the  barrier.
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Figure 2.3 Tw ofold  barrier  and torsional levels for CMuDoCDo.
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W ith h indered in ternal ro ta t io n  considered as in term edia te  be tw een 
free  in te rna l  ro ta t io n  ( quadratically  dependen t eigenvalues, doubly 
d egenera te  fo r  m t O )  and one-d im ensional harmonic osc illa tory  m otion 
a round  the  equilibrium position (evenly spaced levels),. as i l lu s tra te d  
in th e  co rre la t io n  diagram in C hap ter  1 (F igure  1.5), i t  can be seen 
t h a t  while in CHD2CD2 behaviour charac te r is t ic  of free in ternal ro ta t io n  
is seen  even in the  low est energy levels, in CMuD2CD2 the  low es t  
levels  (up  to  ab o u t  E6 ) are paired in accordance w ith  simple harm onic 
o s c i l la to r  behaviour in the  to rs ional co-ord inate . The charac te r is t ic  
frequency  a ssoc ia ted  with this o sc il la to r  is approxim ate ly  90cm -1, and 
th e  co rrespond ing  z e ro -po in t  frequency ab o u t  45cm  1.
In the  o th e r  muonic ethyl radical iso topom ers , which in general 
have sha llow er  to rs ional po ten tia l  w ells  containing few er energy levels 
(five in the  case  of the  muonic ethyl radical i tse lf ,  CM uH2CH2 ), the  
d ist inc tive  p a t te rn  o f  energy levels charac te r is t ic  of simple harmonic 
o s c i l la to r  behaviour is n o t  so clearly apparent. Evidently the very large 
m ass  ra t io  D :M u (^ 1 8 : l)  is a critical influence upon the  dynamics of 
the  radical and the  sine qua non of vibrationally  induced simple harm onic 
o sc i l la to r  behaviour in the torsional co-ord inate .
2.1.6 The Hyperfine Param eters  A. and B.
For the  non-m uon ic  iso topom ers  o f  the  ethyl radical analyses of  
the  experim en ta l  ESR da ta  within the  theory  o f  ro ta t iona l  averaging
j  7  Q O
carr ied  o u t  by Fessenden , Ramos , and o thers , have consis ten tly  
yielded n ea r-z e ro  values for A (always of negative sign), and values 
fo r  B in th e  region o f  150 MHz. The high tem pera tu re  limit o f  the 
(3-hyperfine coupling constan t ,  given by A+ B/2, is in each o f  these  
rad icals  a b o u t  75 MHz, very close to  the  tem pera tu re - independen t
Q ^7
f igure  fo r  A^j ob tained  in s tud ies of the u n su b s t i tu te d  ethyl radical .
Values o f  A, B, and A+ B /2  fo r  the  muonic e thyl radical iso topom ers ,
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p resen ted  in Table 2.1, d iffer  from  those  of their  non-m uon ic  co u n te rp a r ts
in som e ra th e r  in te res ting  ways. The param eter  A is now in each case
a significantly  negative number, and inferences made on the  basis  th a t
91A = 0  are hence questionab le  . The param eter B is again positive, now
w ith  a som ew hat  higher value th an  before  (in the  region of 2 0 0 MHz),
and is found  to  have changed in concer t  with A w ith  the  ne t  r e s u l t
th a t  the  quan ti ty  A + B /2  rem ains largely unaltered. In fact, som e s ligh t
variation in A + B /2  with iso top ic  su b s ti tu t io n  is ap p a ren t  in the  various
muonic ethyl radical iso topom ers ,  w ith  only CMuD2CD2 yielding exactly
the  value of  the  tem pera tu re - independen t  ethyl (3-proton coupling. The
la rg e s t  o f  the  deviations ( which are all in the positive s e n s e ) are found
in the  rad icals  CMuD2CHD and CM uH2CHD, in which the  C s sym m etry
of the  m ethylene  group is broken, and i t  is possib le  th a t  the  large
values of the  high tem pera tu re  lim it of A'^ in these  rad icals  are  simply
p ro d u c ts  o f  the  fac t  th a t  th is  reduction  in sym m etry  is n o t  taken  in to
accoun t  in the  theore tica l  analysis. The high value of  A + B /2  found
fo r  the  muonic ethyl radical i tse lf ,  CMuH2CH2, express ly  79.2 MHZ,
seemingly belies  such a view. Using a d ifferen t s e t  o f  d a ta  m ore
92recently  obtained  fo r  the  muonic e thyl radical , however, a s ligh tly  
higher value fo r  V2 re su l ts  (3024 J m o l  1), to g e th e r  w ith  a som ew hat  
low er value fo r  A + B/2 (77.3 M H z), indicating th a t  th e  e f fe c t  o f  random  
experim ental e rro rs  on the ca lcu la ted  high tem pera tu re  lim it may be 
quite  large. A t tem p ts  a t  com bination  of the two da ta  s e ts  were carried 
o u t  which led to  large f it t ing  e rro rs  and a considerably sm a lle r  barrier. 
This su g g e s ts  th a t  som e degree o f  system atic  e rro r  ex is ts  in one o r  
b o th  o f  the  da ta  se ts .  Possib le  sources  of such e rro r  could  lie in the  
calibration  of the  cryosta t,  o r  in a variation in the  energies o f  the 
incident m uons. In any pSR experim ent, therm alisa tion  of  m uons in 
the  bulk  of the  sample is certa in  to  lead to  a sy s tem atic  e rro r  in
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tem p e ra tu re  m easurem ent as a r e s u l t  o f  local therm al exc ita t ion  in 
the  vicinity of the  muon. This sy s tem atic  e rro r  is likely to  depend on 
the  average energy of the  m uons impinging upon the  sam ple, which
varies from one experim ental facility  to  another.
85Some au th o rs  have su g g es ted  a '’residual'* iso tope e ffec t,  p resen t  
a f t e r  correc tion  fo r  the  p ro tom m uon  m agnetic  m om ent ratio , and sti l l  
p re s e n t  when angular  p refe rences  have been accounted for, to  ex is t  
in th e  muonic e thyl radical, which increases  the  muon coupling by a 
f a c to r  o f  abou t  1.2 with resp e c t  to  in CH3CH2. The a rgum en ts  
initially  p resen ted  in su p p o rt  o f  th is  view were based  upon consideration  
o f  the  ang le -dependen t  hyperfine pa ram ete r  B in iso la tion  from  its  
ang le - independen t  p a r tn e r  A and from  the  overall hyperfine coupling 
c o n s ta n t  A’ o r  A ^ .  In the  muonic radicals  B is in the  range 190-200 MHz; 
in iso topom ers  n o t  containing Mu, the  p ro ton  couplings yield values 
o f  B in the  range 150-160 MHz. Such a rgum en ts  m ust  be regarded  with 
som e caution. In the  absence of  an ang le-independen t te rm  these observations 
would  indeed su g g e s t  the  ex is tence  o f  a residual iso tope  effec t.  However, 
the  pa ram ete r  A takes  a significantly  negative value in the  muonic radicals, 
while in those  from  which Mu is a b sen t  it  is approxim ately  zero, and 
th is  fac t  v irtually  cancels the  e ffe c t  o f  the  weighting o f  B on the  overall 
hyperfine coupling constan t .  While considerations  o f  the  res idual iso tope  
e f fe c t  are the re fo re  som ew hat inconclusive, they are o f  in te r e s t  in th a t  
they  in troduce  the  "hyperconjugative" theory  o f  conform ationa l preference 
in the  muonic e thyl radical.
2.1.7 The Muonic Ethyl Radical and Hyperconjugation.
The term  "hyperconjugation" was coined by Mulliken, Rieke, and 
B row n93 in 1941 with  reference to  C -H  e lec tron  delocalisa tion  e ffec ts ,  
in a piece o f  quan tum -m echan ical  w ork intended to  explore  the  p rocesses  
underlying the  "Baker-Nathan O rder"94 o f  the  relative e lec tron -re leas ing
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s t r e n g t h s  o f  d i f f e r e n t  a ik y l g r o u p s ,  an d , in g e n e r a l,  th e  e f f e c t  o f  d i f f e r e n t
a lk y l s u b s t i t u e n t s  u p o n  r e a c t io n  r a t e s .  It f e l l  in to  g e n e r a l u s e  in  th e
e n s u in g  t w o  d e c a d e s ,  and  in 1958 in s p ir e d  a c o n f e r e n c e  in i t s  h o n o u r 95 .
A s  th e  te r m  o r ig in a te d  in a t t e m p t s  to  d e s c r ib e  th e  r e a c t iv it ie s  o f  s p e c ie s
in  e le c t r o n ic  s in g le t  s t a t e s ,  a d e g r e e  o f  im p r e c is io n  is  in tr o d u c e d  w h e n
i t s  u s e  is  e x t e n d e d  to  fr e e  r a d ic a ls .  In th is  c o n t e x t  i t  is  g e n e r a l ly  
96u n d e r s t o o d  t o  d e s c r ib e  d e lo c a l i s a t io n  o f  e le c t r o n ic  sp in  d e n s it y
t h r o u g h  s p a c e  b e t w e e n  n u c le i  n o n - a d j a c e n t  a lo n g  th e  c a n o n ic a l b o n d in g
p a th w a y  ( a lt h o u g h  t h is  d e f in i t io n  i t s e l f  a d m it s  o f  m u lt ip le  in te r p r e ta t io n s ,
d e p e n d in g  o n  w h e th e r  o r  n o t  t h is  d e lo c a l is a t io n  o f  s p in  d e n s it y  is
a c c o m p a n ie d  b y  a r e le a s e  o f  o v e r a ll  c h a r g e  d e n s i t y ) .  T h e  r e le v a n c e
o f  th e  c o n c e p t  o f  h y p e r c o n ju g a t io n  to  th e  w o r k  p r e s e n te d  h ere  d e r iv e s
fr o m  i t s  e m p lo y m e n t  a s  a d e v ic e  t o  e x p la in  th e  " u n e x p e c te d ly "  h ig h
v a lu e s  o b ta in e d  f o r  (3 -p ro ton  c o u p l in g  c o n s t a n t s  in u n c o n ju g a te d  tt-
48r a d ic a ls  s u c h  a s  e t h y l  .
In s p e c ie s  o f  t h is  k in d  th e  t h e o r e t ic a l  v ie w  o f  h y p e r c o n ju g a t io n
h in g e s  o n  t h e  o v e r la p  b e tw e e n  e l e c t r o n ic  s y s t e m s  o f  p an d  n s y m m e tr y .
F o r  t h e  e t h y l  r a d ic a l a s im p le , i f  r a th e r  e x tr e m e  m o le c u la r  o r b ita l  a p p r o a c h
97is  a s  f o l l o w s  . T h e  th r e e  m e th y l  h y d r o g e n  Is o r b it a ls  a , b , an d  c  a re  
r e f o r m u la t e d  in to  a s e t  o f  o r t h o g o n a l  g r o u p  o r b ita ls .
4>t = y== ( a + b + c  ) ( 2 .2 1 a)
^ 2  = / 2  ( b " c )  ( 2 .2 1 b )
4>3 = ( 2 a -  b  -  c )  ( 2 .2 1 c )
W h ile  iJjj is  a p p r o x im a te ly  o f  t h r e e f o ld  sy m m e tr y  a b o u t  th e  C -C  
in te r n u c le a r  a x is ,  an d  ^ 3  h a v e  n o d a l p la n e s  in te r s e c t in g  t h is  a x is ,
t h e  r e s u l t  o f  w h ic h  is  th a t  th e y  r e s e m b le  a  p air o f  p v  an d  p T o r b it a ls .y  *
If th e  m e th y l C a to m  fo r m s  t w o  s p x  h yb r id  o r b ita ls  a lo n g  th e  C -C  
d ir e c t io n , th e n  o n e  o f  th e s e  ca n  b e  r e g a r d e d  a s  fo r m in g  th e  C -C  b o n d  
w h ile  t h e  o t h e r  jo in s  w ith  t o  g e n e r a te  a s in g le  C -H 3  b o n d . T h e
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r e m a i n i n g  p y  a n d  p z  o r b i t a l s  o n  t h e  m e t h y l  c a r b o n  a t o m  c a n  o v e r l a p  
1 ^ 2  a n d  ij>3 , a n d  t h e  p z  o r b i t a l  c a n  a l s o  o v e r l a p  w i t h  C  . T h e  u n p a i r e d  
e l e c t r o n  c a n  t h e n  c o n c e p t u a l l y  o c c u p y  a  m o l e c u l a r  7 i - o r b i t a l  c o m p r i s i n g  
c o n t r i b u t i o n s  f r o m  t h e  p z  o r b i t a l s  o f  b o t h  c a r b o n  a t o m s  a n d  t h e  m e t h y l  
h y d r o g e n  g r o u p  o r b i t a l  <Jj3 .
I t  i s  w e l l  k n o w n  t h a t  h y p e r c o n j u g a t i v e  e f f e c t s  a r e  m o s t  s i g n i f i c a n t  
in  c a t i o n i c  s y s t e m s ,  w h e r e  t h e  o v e r l a p  b e t w e e n  a  v a c a n t  p - t y p e  f u n c t i o n ,  
<Jjp , a n d  a  f i l l e d  o r b i t a l  o f  7 t - s y m m e t r y ,  4 ^ ,  i s  s t r o n g  a n d  s t a b i l i s i n g 9 8 .
A t  t h e  l e v e l  o f  s e c o n d - o r d e r  p e r t u r b a t i o n  m o l e c u l a r  o r b i t a l  t h e o r y  t h e
s t a b i l i s i n g  t w o - e l e c t r o n  i n t e r a c t i o n  e n e r g y  b e t w e e n  s u c h  a  p a ir  o f  o r b i t a l s
u 99 is given by
s = [ R h - M i ] 2 (2 22)
IE -  E IP TC
W ith in  the W olfsberg -H elm ho ltz  approx im ation100 equation (2.22) 
can be simplified to  yield an expression  describing the  energy of 
hyperconjugation in term s of the  overlap be tw een  the in teracting 
o rb ita ls .
(2.23)
Eo "p k
As the  overlap show s an angular dependence re la ted  directly  to  the
cosine of the  angle y betw een the  in te rac ting  functions, it  is c lear th a t
the  hyperconjugative energy is co rrec tly  rep resen ted  by a cos2y
rela tionsh ip . Theoretical s tud ies  on the  conform ational dependence o f
98 99secondary  (3-deuterium iso tope  e f fec ts  ’ have borne o u t  the  veracity 
of th is  rela tionship , while confirming the  much g rea te r  significance 
o f  hyperconjugative e ffec ts  in cationic species (in which the in te rac ting  
p -o rb i ta l  is em pty) than in neutral radical species ( in  which the 
p -o rb i ta l  is h a lf - f i l led ) .  This la t te r  is a consequence o f  the  rela tive 
w eakness  of 1-electron and 3 -e lec tron  in te rac tions  as compared to
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2 -e lec tron  in terac tions .
47Fessenden , in his analysis of ESR resu l ts ,  describes th e  hyperfine
p a ram ete r  A as a te rm  arising from  spin polarisation p rocesses ,  and
simply ascribes B to  the  dependence on y of the  spin density  a t  the
483-nucleus . Krusic et alia e labora te  upon this by s ta t in g  th a t  B
arises  from hyperconjugative delocalisation. Indeed, the  angu la r  dependence 
o f  B su g g es ts  th a t  th is  is the  case. I t  is, however, poss ib le  t h a t  the  
p a ra m e te r  conceals  a variety of m echanism s fo r  the  tran sm iss io n  of 
spin density  which share  th is  angu lar  dependence. In the  rem ainder  
o f  th is  work, the  use o f  term inology such as "hyperconjugation” will 
be k e p t  to  a minimum. Rather, an a t te m p t  will be made to  account 
fo r  the  hyperfine coupling phenom ena found in muonic rad ica ls  using 
le ss  am biguous ideas o f te n  based  upon m olecular o rb ita l  theory.
2.2 Five Self Consistent Field Geometry Calculations.
2.2.1 Preamble.
In order to  t e s t  theories  of the  electronic  s tru c tu re  o f  the  ethyl 
radical, and in an a t te m p t  to  accoun t fo r  some of the  p ro p er t ie s  of 
i ts  muonic iso topom ers ,  a series o f  calculations were carr ied  o u t  a t  
UHF-SCF level using the GAMESS package of ab initio  m olecu lar  
o rb ita l  p rogram s as im plem ented  upon the CYBER 205 su p e rco m p u te r  
a t  UMRCC. The basis  s e t  chosen was as follows. Dunning’s C5s4p] 
c o n tra c t io n 61 of  Huzinaga’s (10s6p) primitive basis se t  fo r  f i r s t  row 
a to m s 101 was used fo r  each carbon atom, together  with the  corresponding  
C3s] set, co n trac ted  from  (5s), fo r  each hydrogen atom . This s e t  was 
supp lem en ted  with po larisa tion  func t ions102, consisting o f  a single 
s e t  of d - func t ions  cen tred  on each carbon a tom  and a s e t  o f  p -func t ions  
a t  each hydrogen atom . Dunning s ta te s  th a t  when augm ented  w ith  
su itab le  polarisa tion  functions  in th is  way, this basis shou ld  yield 
w avefunctions o f  near H artree-Fock  accuracy.
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In the ca lcu la tion  by ab initio  m ethods  of hyperfine coupling
c o n s ta n ts  in free radicals containing f i r s t  row atom s, it  is generally  
74 103found  ’ th a t  a wavefunction from which the  con tam inating  spin 
m u lt ip le ts  have no t been removed overes tim ates  with re sp e c t  to  
experim ent, while a sp in -pro jec ted  wavefunction underes tim ates . This 
is in accordance w ith  pe r tu rba t ion  theory  a rg u m e n ts104. Since in the 
f i r s t  instance it  was the  purpose  o f  th ese  calcu lations to  determ ine  
the  energies corresponding  to  various geom etries  of  the  e thyl radical, 
r a th e r  than to  evaluate  the  hyperfine coupling c o n s tan ts  to  a high level 
o f  numerical accuracy, the  unprojected  UHF technique was considered 
suff ic ien tly  precise. In any case, the  degree o f  higher m u lt ip le t  
con tam ina tion  o f  the  resu l ting  wavefunctions was e s t im a ted  to  be 
a b o u t  1%. SCF convergence was considered to  have been achieved when 
the  change in e lem en ts  of the density m atr ix  was less  than  10-S in 
a single  SCF iteration. The criteria  fo r  convergence o f  the  geom etrical 
op tim isa tion  a lgorithm  were as follows.
_ q
maximum change in geom etrical variables < 1x10 boh r
average change in geom etrical variables < 6 .7 x l0 - 4 bo h r
maximum gradien t < 4 .4 x l0 - 4 h a r t r e e /b o h r
average gradien t < 3 .0x10 4 h a r t r e e /b o h r
2.2.2 Full Geometry Optimisation.
A calculation was perfo rm ed  on the  ethyl radical in which the
f if teen  independent geom etrical param eters  were allowed to  optim ise
freely. The resu lting  conform ation  was found to  be o f  the  "eclipsed"
type, in common with  the  re su l ts  of o th e r  ab initio  ca lcu la tions  on 
73 74 86th is  radical ’ ’ . The corresponding  to ta l  energy, nuclear energy, and
elec tron ic  energy are reproduced  below, toge the r  w ith  a p ictorial 
rep re sen ta tion  of the  converged geom etry  (Figure 2.5).
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E. . , = -78.625718 hartreetotal
E , = -115.635706 hartreeel
E = 37.009987 hartreenuc
Figure 2.5 Fully op tim ised  eclipsed geom etry  o f  the  e thyl radical 
(C onfo rm er  ( I ) ).
H
\ 0  |_| r t = 109.0pm ; r 2 = 108.4pm;r 3= 107.4pm ; r4 = 149.8pm;
r2 ^  J  f4 a  = 111.54° ; p = 111.34° ;
H /  0 = 117.57° ; Y = 11.8°.
H
In te rm s  of bond ang les  the  methyl group  is n o t  significantly  d is to r ted
from  a te t rah e d ra l  sp 3 arrangem ent, a l though  the  eclipsing methyl C-H
bond  is noticeably longer  than the o th e r  two. The m ethylenic  moiety,
however, is considerably  displaced from  a p lanar  trigona l sp 2 arrangem ent.
In fu tu re  d iscussion  o f  these  ca lcu la tions  the  geom etry  obtained  in
th is  instance  will be refe rred  to  as C onfo rm er  (I).
2.2.3 Eclipsed Geom etry  with Planar M ethylene Group and all Methyl
C -H  Bond Lengths Held Equal.
The o r ien ta tion  of the methylenic segm en t  has long been an object
of  con ten t ion  am ong those  who have perfo rm ed  quan tum  chemical
7 5ca lcu la tions  on th e  e thyl radical. While Pacansky and Coufal , having 
ob ta ined  a confo rm ation  o f  leas t  energy in which the  m ethylenic p ro tons  
are several degrees o u t  of  the  plane, no te  th a t  the  SCF energy difference 
b e tw een  the  s taggered  and eclipsed fo rm s (which they ca lcu la te  a t  
0 .8 3 k j  m ol- 1 ) vanishes if the  methylenic moiety is forced  to  be planar, 
Feller and Davidson104 com m ent th a t  the  force in s t r in g e n t  SCF-CI 
ca lcu la tions  is always tow ards a p lanar  m ethylene  group. Verification
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of the t ru th  of the la t te r  s ta te m e n t  is o u tw ith  the  scope of this thesis, 
b u t  in o rd e r  to  explore  the  e ffec t  of a p lanar  m ethylene group on the 
confo rm ationa l  energy and o th e r  properties , tw o  fu r th e r  calculations 
were pe rfo rm ed  on eclipsed conform ers  o f  the  e thyl radical. In the 
f i r s t  o f  th ese  the  additional condition was placed  upon the  m olecule 
th a t  all th e  C -H  bonds  o f  the  m ethyl group  shou ld  be equal in length. 
The to ta l  m o lecu la r  energy is shown below, a long w ith  i ts  nuclear
and e lac tron ic  com ponents , and the converged geom etry  is displayed
in Figure 2.6.
Et o ta i  = “ 78.625477 hartree
E , = -115.635306 hartreeel
E „ = 37.009829 hartreenuc
Figure 2.6 An eclipsed  conform er of  the  ethyl radical having the  
m ethy lene  p a r t  constra ined  p lanar  and all m ethyl C -H
b onds  equal in leng th  (C o n fo rm e r  ( I I ) ) .
H
r j  = 108.6 pm  ; r 2 = 107.3 pm ;
r 3 = 149.7 pm ; a  = 111.78° ;
0 = 111.22° ; 0 = 117.72°
H
The "hybridisation" o f  the  methyl group is n o t  g rea tly  a l te red  from  
C onfo rm er  (I), b u t  the  C -H  bond leng ths  are  found to  be in term ediate  
be tw een  the  free ly  optim ised  value fo r  the  long eclipsing bond and 
th o se  fo r  the  tw o  sh o r te r  bonds. The C-C and m ethylene C-H
in te rnuc lear  d is tances  are virtually unaltered . Probably the m ost
significant d ifference  is in the energy of the  radical, which is increased 
by several hundreds of J m ol-1 with resp e c t  to  the  freely optim ised
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conform ation . This has its  origin entirely  in a destab ilisa tion  o f  the  
e lec tron ic  com ponent, the  c lassical in te rnuclear  repulsion energy having 
in f a c t  decreased  slightly.
2.2.4 Eclipsed Geometry with Planar M ethylene Group, all o th e r  pa ram ete rs  
free.
In this, the  la s t  geom etry  op tim isa tion  to  be perfo rm ed  upon an 
ec lipsed  conform ation  o f  the  ethyl radical, th e  p lanarity  of  the  m ethy lene  
g roup  was retained, b u t  the  methyl group was allowed to  relax . The 
re su l t in g  energies appear  below, and the  geom etry  is p resen ted  p ic toria lly  
in Figure 2.7.
^total = "78.625486 hartree  
Eel = -115.633330 hartree  
E = 37.007843 hartree  nuc
Figure 2.7 An eclipsed co n fo rm er  o f  the  ethyl radical w ith  the  m ethylen ic
Relaxation of  the  methyl group  brings abou t l i t t le  change in bond  ang les  
or in te rnuc lear  d istances , and l i t t le  im provem ent in the  to ta l  energy. The 
len g th  o f  the  eclipsed bond, r j , increases by 0.3 pm to  a value j u s t  s h o r t  
o f  th a t  obtained in the  unconstra ined  op tim isa tion  (I), while th e re  is a 
co rresponding  s ligh t diminution of r2. There is a very s ligh t  ’’opening 
ou t"  o f  the  methyl group, character ised  by small decreases in b o th  
a  and (3. Comparing the orien tation  of the  methyl group in th ese  l a s t
m oiety constra ined  to  p lanarity  (C onfo rm er  (III)).
H
a  = 117.71°
r t = 108.9 pm  ; r 2 = 108.5 pm ;
r 3 = 107.3 pm ; r 4 = 149.7 pm ;
a  = 111.74° ; P = 111.19° ;
H
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tw o  ca lcu la tions  with th a t  found in C onform er (I) ,  it  can be seen th a t  
the  upw ard  t i l t  of the methylene group in the  unconstra ined  geom etry  
is accom panied by a s ligh t upward t i l t  in the  m ethyl moiety, a 
leng then ing  of  r^  and a shorten ing  o f  r 2. It is possib le  to  view this 
as a very sm all s tep  away from  the  conventional rep re sen ta tio n  o f  an 
sp^ m ethyl group  joined to  an sp 2 m ethylene group  in the  direction, 
n o t  o f  a bridged  s tru c tu re  such as th a t  o f  C2Hg 105 , b u t  o f  a s t ru c tu re  
m ore  typical o f  the  ethyl anion C2Hg 106, o r  its  isoelectron ic  congener
107m ethy lam ine  CH3NH2 , in which each f i r s t  row a tom  is a t  the  cen tre  
o f  a d i s to r te d  te trahedra l  o r  pyramidal arrangem ent.
2.2.5 S taggered  Geometry.
Two calcu la tions  were a lso  perfo rm ed  near the  geom etry  corresponding  
to  the  to rs iona l  barrier  ( re la ted  to  the  equilibrium confo rm ation  by 
a tw is t  o f  tc/6 around the C-C bond ). The f i r s t  o f  these  calcu la tions, 
in which all the  geometrical degrees  o f  freedom  excep t fo r  the  to rs ional 
ang les  were optimised, rep re sen ts  a search  fo r  the  to rs iona l  saddle  
po in t  ( accu ra te  fo r  this basis s e t  and level of c o m p u ta t io n ) a t  which 
fo rces  on all in ternal co -ord inates  excep t the  to rs ional co -o rd ina te  
are zero. The energies resu lting  from  this  calcu lation  are show n below, 
and the  converged geom etry appears in Figure 2.8.
Et o ta i= “ 78.625494 hartree
E . = -115.631814 hartreeel
E = 37.006320 hartreenuc
H ere  th e  geom etry  of the  m ethyl group has changed, a lbe it  only 
s ligh tly . The C -H  bond in the  p lane o f  the  m ethylene group is s h o r te r  
than  the  o thers ,  and the angle made by th is  bond w ith  the C -C  axis 
is sm a lle r  than  the o ther  H -C -C  angles. This is a reversal o f  the 
s i tua tion  in the  eclipsed geom etries, b u t  in all cases b o th  s taggered  
and eclipsed the deviation o f  the  sym m etry  of  the  m ethyl group from
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Figure 2.8 The to rs iona l  sadd le -po in t  geom etry  of  the  ethyl radical
( C onfo rm er  (IV)).
H
3 = 111.44° ; 8 = 121.48° ;
$  = 117.95° .
r 4 = 108.3 pm ; r 2 = 108.8 pm;
r 3 = 107.3 pm ; r 4 = 107.4 pm;
r s  = 149.8 pm  ; a  = 111.38° ;
H
C3V is s ligh t. The m ethylenic group has a lso  lo s t  i ts  m irro r  plane 
passing  th rough  the  axis o f  the  p -o rb ita l  conta in ing  the  unpaired 
e lec tron , b u t  again the  deviation is small. The to ta l  energy corresponding
eclipsed conform ation  ( I ) ,  b u t  is on a parallel w ith  the  partia lly  constra ined  
eclipsed geom etries  (II) and (III) in which the  m ethylene group is held 
planar. On analysis o f  the  to ta l  energy into its  nuclear  and electronic  
com ponents , i t  is seen th a t  the classical energy o f  in te rnuclear  repuls ion  
is lower fo r  th is  confo rm ation  than for (I) ( indeed, than  fo r  any of 
the  eclipsed confo rm ations  ) and th a t  the  raising o f  the  overall energy 
arises  th rough  the  e lec tronic  term. It seems, then, th a t  the  SCF barrier  
to  in ternal ro ta t io n  in the  ethyl radical orig inates largely in the  need 
to  f la t te n  th e  CH2 p a r t  o f  the  radical in o rder  th a t  such  a m otion 
can occur.
2.2.6 S taggered  Geom etry with all Methyl C-H  Bond Lengths Equal.
A second ca lcu la tion  was carried o u t  on the "staggered" ( o r  "barr ie r" ) 
conform ation  of  the  ethyl radical in which, th is  time, all the  methyl 
C -H  bonds were constra ined  to be equal in length , as in the  eclipsed 
conform er (II). In the converged geom etry residual non-zero  forces 
ex is t  on the  following in ternal co-ord inates:  to rs ion  abou t the  C-C
to  th is  geom etry  is 587 J  mol 1 g rea te r  than th a t  o f  the  freely optim ised
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bond, and s t r e tc h e s  and com pressions in the m ethyl C -H  bonds. The 
energies resu l ting  from  th is  calculation are shown below .
Et o ta i  = “ 78.625486 hartree
Eel = -115.634653 hartree
E „ = 37.009166 hartreenuc
<X
H
Details o f  the  converged geom etrical pa ram ete rs  are  displayed 
in Figure 2.9.
Figure 2.9 C onstra ined  sa dd le -po in t  geom etry  o f  th e  e thy l radical 
(C o n fo rm er  (V)).
r x = 108.6 pm  ; r 2 = 107.3 pm;
r 3 = 107.4 pm  ; r 4 = 149.8 pm;
a  = 111.38° ; 3 = 111.44° ;
8 = 121.48° ; 8  = 117.95° .
Except fo r  a sm all change in the  methyl C-H bond  leng th s ,  necess ita ted  
by the  requ irem en t th a t  all th ree  H nuclei be equ id is tan t  from  C, in which 
the  tw o long bonds  sh o r ten  and the  sh o r t  bond leng thens ,  the  geometrical 
pa ram ete rs  rem ain virtually unaltered  from  those  o f  C on fo rm er  (IV). The 
to ta l  energy o f  th is  confo rm er  is identical with th a t  o f  C onfo rm er  (III). 
Analysis of th is  energy in to  its  e lectronic  and nuclear com ponen ts  reveals 
th a t  the  small increase in energy compared to  C onfo rm er  (IV) is due 
to  an increase in the  nuclear repulsion  term, for which a lowering of 
the  electronic  com ponent narrowly fails to com pensate .
In consideration o f  the  five calculations described above, in particu lar  
those  yielding conform ers  (I) and (IV), i t  is worthy o f  n o te  th a t  the 
equilibrium conform ation  is determ ined by a minimum in the  e lectronic 
energy while the  to rs ional sadd le -po in t  conform ation is de term ined  
by a minimum in the in ternuclear  repulsion energy.
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Table 2.2 Ab initio  m olecular  orbita l  calcu lations of d ifferences in 
to ta l  energy, e lec tron ic  energy, and nuclear energy fo r  conform ations 
o f  the  ethyl radical, expressed  relative to  th o se  of C onfo rm er (I). 
The in te rnuc lea r  d is tance  C -H x , Hx being the  hydrogen nucleus 
which ec lipses th e  pz o rb ita l  in conform ers  (I), (II) and (III), and 
fa l ls  in to  i ts  nodal p lane  in conform ers (IV) and (V), is a lso  listed.
C onfo rm er R(C-HX)
/ p m
AEnuc 
/ k jm o l  1
AEei
/ k j m o l -1
^^total
/ J m o l -1
(I) 108.98 0 0 0
(II) 108.62 -0.416 1.048 632
(III) 108.92 -5.629 6.237 608
(IV) 108.27 -9.629 10.216 587
(V) 108.59 -2.155 2.763 608
2.2.7 F urthe r  C onsidera tions .
The t re n d s  in energy and in ternuclear  d istance  d iscussed  above
are exhibited  quan ti ta t ive ly  in Table 2.2. Turning a t te n t io n  to  analysis
o f  the  m olecu lar  o rb ita l  populations, i t  is found th a t  the  population
of th e  2pz o rb ita l  loca ted  a t  the methylenic carbon a tom  is low er in
the  lea s t  energy confo rm er  (I) (where it takes  a value of  0.974) than
in e ith e r  o f  the  o th e r  eclipsed conform ers  (in each o f  which i t  is 0.983).
The s -p o p u la t io n  o f  the  eclipsing methyl H atom  show s a com plem entary
sm all  increase from  0.465 to  0.468. Consideration of th ese  observations
in conjunction w ith  the  increased C -H x d istance  in (I)  leads to  an
unders tand ing  o f  the  conform ational p reference displayed by the ethyl
108 109radical in te rm s  sim ilar to the Brunck-W einhold hypothesis  ’ , in which
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to rs ional barr iers  in e thane-like  m olecules are a t t r ib u te d  to  vicinal 
in te rac tions  betw een o rb ita ls  of bonding and antibonding  type. Strikingly, 
the  SOMO in (I)  is more s tab le  than  those  in (II) o r  (III)  by 6 .42k j m o l -1, 
and p o ssesse s  a larger com ponen t deriving from s - fu n c t io n s  cen tred  
on the  m ethylenic H a tom s. The SCF barrier  to in te rnal  ro ta t io n  in 
the  ethyl radical, as m easured  by the  energy d iffe rence  be tw een  
confo rm ations  (I) and (IV), is 5 8 7 Jm o l-1. If the  m ethy lene  group is 
constra ined  to  planarity , however, the  barr ier  vanishes.
Table 2.3 C alcu la ted  a tom  spin densities  fo r  co n fo rm ers  o f  C2HS .
(H x , Hy , Hz are the  m ethyl H atom s; Ha and Hb are th e  H a tom s of  
the  m ethylenic group.)
A tom
(I) (II)
Conform er
(III) (IV) (V)
c c h 3 -0 .0 9 4 -0 .0 9 7 -0 .0 9 7 -0 .0 9 7 -0 .0 9 7
c c h 2 0.251 0.232 0.232 0 .2 3 2 0.232
H x 0 .0 4 5 0 .0 4 4 0 .0 4 4 0 .0 0 3 0 .0 0 3
Hy, Hz 0.013 0 .014 0.014 0 .0 3 4 0 .0 3 4
Ha -0 .0 3 9 - 0 .0 4 0 -0 .0 4 0 - 0 .0 4 0 - 0 .0 4 0
Hb -0 .0 3 9 - 0 .0 4 0 - 0 .0 4 0 -0 .0 3 9 -0 .0 3 9
Table 2.3 gives the  a tom ic  spin densities co rresponding  to  these  
ca lcu la ted  conform ations. The p ro ton  (o r  reduced m u o n )  coupling 
co n s tan ts ,  expressed  in MHz, may be obtained from  the  H spin densities  
by m ultip lication by 1420. L ittle  change in the  spin dens it ies  is seen 
within a s e t  of conform ations  o f  a given type, excep t t h a t  the  m ethylenic
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carbon atom  has a  higher spin density in C onform er (I) than  in e ither  
of the  constra ined  eclipsed conform ers. Figure 2.10 show s the  dependence 
of  the  methyl H spin density  -  d irectly  re la ted  to  the  coupling co n s ta n t  -  
on the  to rs ional angle  y. The conform ers  used to genera te  th is  diagram 
were (I), (IV), and a fu r th e r  conform er in which all p a ram ete rs  were freely 
optim ised  excep t fo r  y, which was constra ined  in such  a way th a t  a geometry 
produced  from  (IV) by a 10° tw is t  around C-C was the  re su l t .  The solid 
curve is 0.0034 + 0.042 c o s2y , obtained by a l e a s t -sq u a re s  fit.
Recent r e s u l ts  by Percival and c o -w o rk e rs110 using the  technique 
of  muon Level C ross ing  Resonance spectroscopy  have show n  th a t  a t  
a round room tem p e ra tu re  A = k ( A ’ + 2AI^ re ) is s ignificantly  g rea te r  than ^ ^ H
the  tem pera tu re - independen t  methyl p ro to n  hyperfine coupling  c o n s ta n t  
in CH3CH2. This is n o t  surprising, as a t  this tem p e ra tu re  the  m ethyl 
H a tom s are predom inan tly  sampling conform ations near  the  equilibrium 
to rs iona l  geom etry  (w ith  y(Mu) = 0°) .  This "residual iso tope  e ffec t"  
m ight be expected  to  diminish with increasing tem p era tu re  as free 
in ternal  ro ta tion  is approached. In terestingly , Percival e t al. obtain  a 
ra tio  o f  IAa (13C) I: IA13 (13C ) I o f  0.34, less  than  th a t  co rrespond ing  to  
Conform er (I) above (which, in turn , is less  than th o se  corresponding  
to  any of the  o th e r  ca lcu la ted  con fo rm ers ) .  I t  m ight th e re fo re  be 
inferred  th a t  the  v ibrationally-induced lengthening o f  th e  mean C-M u 
bond  encourages non-p lanari ty  a t  the  m ethylene carbon to  th e  e x te n t  
th a t  the  overall con fo rm ation  is ye t  m ore ex trem ely  d is to r te d  from  
the  conventional p ic tu re  in the  direction o f  a m ethy lam ine-like  geometry.
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Figure 2.10 A b initio  methyl pro ton  spin density ( a t  the  TZVP level)
aga ins t  to rs ional angle.
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CHAPTER 3
Experimental Studies on a-Muoxyalkyl Radicals.
"Theory is grey, b u t  the  golden tree  o f  life is green."
J. W. von Goethe.
3.1 Historical Perspective — a-Hydroxyalkyl Radicals.
E le c tro n  spin resonance  stud ies  upon a-hydroxyalkyl radicals (A) 
b eg an  w ith  the  w ork o f  Gibson e t alia111 over th ir ty  years ago. Much
Rt H
(A ) ) c ~ 0 /
*2
in te r e s t  w as shown in radicals of this type in the  decades th a t  
fo llow ed , and many ESR s tud ies  were undertaken. These experim ents  
w ere  charac te r ised  by a variety of  research  m otivations and m ethods  
o f  rad ical production. Typically the  radicals were genera ted  in situ  by 
p ho tochem ica l  o r  radiochemical means. S truc tu ra l  inform ation yielded 
by th e se  s tud ies  challenged some traditionally  held views regarding 
free  radical conform ation.
■ 112The e a r l ie s t  ESR studies  on the  hydroxymethyl radical CH2OH 
revea led  a s ligh tly  d is to r ted  three line spectrum ; it  was inferred th a t  
th e  cause  o f  the  d is to r tion  was the  presence of ano ther  spectrum  
having a d i ffe ren t  g-value and five lines. The trip le t, with a coupling 
c o n s ta n t  o f  abou t 47.6 MHz a t  300 K, was assigned to  the  coupling 
o f  th e  unpaired e lec tron  with the  a -p ro to n s ,  th a t  is to  say, the  p ro to n s  
d irec tly  a t tach ed  to  the radical centre. Further investigation and 
im proved reso lu t io n 113,114 revealed th a t  each line in the t r ip le t  form ing 
th e  main fea tu re  of the  spectrum  was in fac t  a poorly resolved 
d o ub le t .  Clearly, then, a small am ount of  electronic  spin density  is 
de loca lised  over a grea ter  distance and experienced by the  p ro ton  a t  
the  p -posi t ion  (or, in o ther  words, a ttached  to the oxygen a tom ). The 
coup ling  of  th is  hydroxylic p ro ton  was m easured to  be 6.05 MHz4 8 ,
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115show ing som e variation with tem pera tu re  . Further  ESR experim ents 
on the  fully  d eu te ra ted  iso topom er o f  the  hydroxymethyl radical48 , 
by cons ide ra t ion  of  the deviation o f  m ultip le t  height ra t ios  from th o se  
expec ted  on the  basis of the  coupling of tw o  identical I = 1 nuclei, 
ind ica ted  the  inequivalence of the  a -d e u te ro n s ,  and therefore , by logical 
ex tens ion , o f  the  a -p ro to n s  in the  pro ton ic  analogue. The a-coup lings  
a lso  show ed  a sm all tem pera tu re  dependence; with A =  (A1a + A p ) /2 ,  
i t  w as found  th a t  dA /dT  * 13.2kHz/°C , assum ing a linear relationship. 
This e f fe c t  is th o u g h t  to be vibronic in origin.
W ithin a notional fram ew ork o f  ideal orb ita l  hybridisation, and 
from  considera tion  of the nonequivalence of the  tw o a -p ro to n s  and 
the  sm all  hyperfine coupling c o n s ta n t  o f  the  (3-proton, the  conform ational 
s i tua tion  prevailing in this radical may be considered in i ts  s im plest  
fo rm  as a s low  interchange betw een  the  tw o  equivalent planar 
c o n fo rm at io n s  (I) and (II) depicted in Figure 3.1 below.
Figure 3.1 Conform ational in terchange in the  hydroxymethyl radical.
c - o 7 ^  > - o x
« /  ^  H /
(I) (II)
These tw o  conform ations are in terconverted  by in ternal ro ta tion  
a round  th e  C -O  bond. Krusic e t alia have calcu la ted  the activation 
b a rr ie r  fo r  th is  exchange to  be EQ= 1 9 k J m o r \  with a corresponding 
f requency  pa ram ete r  of vQ= 3.98xl012s_1, using a density  matrix  m ethod. 
This is som ew hat  larger than their  value for the  s ta t ic  po ten tia l ba rr ie r  
to  in te rnal  ro ta t ion , V2 = 1 7 k J m o r 1, obtained th rough  a combination 
o f  INDO calcu la tions  ( to  determine "suitable" param eter  values) and 
le a s t—squares  f it ting  m ethods similar to  those  employed in this work.
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( U s e  o f  a c la s s ic a l ly  m o d e lle d  s t a t i c  b a rrier  le d  K r u s ic  e t  al. t o  v a lu e s  
o f  V2 w h ic h  w e r e  la r g e r  th a n  t h o s e  p r o d u c e d  fr o m  th e ir  q u a n tu m  
m e c h a n ic a l c a lc u la t io n ;  a la r g e  b a r r ie r  and  s m a ll  m o m e n t  o f  in e r t ia  
m it ig a te  a g a in s t  t h e  a c c u r a c y  o f  t h e  c la s s ic a l  a p p r o x im a t io n .)
T h e  a b s o lu t e  v a lu e s  o f  t h e  a - H  c o u p lin g  c o n s t a n t s  in  a - h y d r o x y a lk y l  
r a d ic a ls  are  fo u n d  t o  b e  " a n o m a lo u s ly "  lo w  w h e n  c o m p a r e d , fo r  e x a m p le ,  
t o  t h o s e  in  C H 2 C O C H 3 , an d  t h is  o b s e r v a t io n  is  u s u a lly  e x p la in e d  b y  
a s s u m in g  s o m e  n o n p la n a r ity  a t  t h e  ra d ic a l c e n tr e , a l lo w e d  ( in  te r m s  
o f  c a n o n ic a l  b o n d in g  s c h e m e s )  b y  a  la c k  o f  d o u b le  b o n d  c h a r a c te r  in  
t h e  C -O  b o n d , r e la t e d  t o  a la c k  o f  c o n ju g a t io n  in  th e  r c -sy s te m .  
H o w e v e r , s o m e  c o n t r ib u t io n  f r o m  a 7 t-b o n d ed  c a n o n ic a l  fo r m  m u s t  
b e  in fe r r e d  t o  b e  p r e s e n t  in  o r d e r  t o  e x p la in  th e  b a r r ie r  t o  in te r n a l  
r o t a t io n  in  th e  h y d r o x y m e th y l r a d ic a l, c o n s id e r a b ly  la r g e r  th a n  t h o s e  
f o u n d  in  u n c o n ju g a te d  7 t -r a d ic a ls  s u c h  a s  e th y l.
S o m e  d im in u tio n  o f  th e  c o u p l in g s  o f  a - p r o t o n s  in  a - h y d r o x y a lk y l  
r a d ic a ls  c o m p a r e d  t o  t h o s e  in  a lk y l r a d ic a ls  m ig h t  in  an y  c a s e  b e  
e x p e c t e d  a s  a c o n s e q u e n c e  o f  s p in  d e lo c a l is a t io n  o n to  o x y g e n .
In  p a r a m a g n e tic  r e s o n a n c e  s t u d ie s  b y  K ru sic  e t alia, th e  h o m o lo g o u s  
m e t h o x y m e th y l  r a d ic a l ( C H 2 O C H 3 ), p r o d u c e d  in  s o lu t io n  b y  c h e m ic a l  
r e a c t io n  o f  t - b u t o x y  r a d ic a ls  w ith  d ie th y l e th e r , s h o w e d  s im ila r  s p e c t r a l  
p r o p e r t ie s  t o  h y d r o x y m e th y l, t h e  p r in c ip a l d if f e r e n c e  b e in g  t h e  r e p la c e m e n t  
o f  th e  h y d r o x y lic  p r o to n  d o u b le t s  b y  m e th o x y lic  p r o to n  q u a r te t s .  A  
s o m e w h a t  h ig h e r  a c t iv a t io n  b a rr ier  t o  th e  e x c h a n g e  b e t w e e n  s y m m e tr y -  
r e la t e d  c o n fo r m e r s  w a s  o b ta in e d  b u t , d e s p it e  th e  e x i s t e n c e  o f  a v a r ia tio n  
w it h  te m p e r a tu r e  in  th e  m e t h o x y l ic  p r o to n  c o u p lin g s ,  n o  s t a t i c  t o r s io n a l  
b a r r ie r  w a s  d e te r m in e d .
T h e  f i r s t  p a r a m a g n e tic  r e s o n a n c e  s t u d ie s  o f  th e  h y d r o x y e th y l r a d ic a l
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( C H 3 C H O H ) w e r e  c o n d u c te d  b y  S m a lle r  and M a th e so n  , b u t  i t  w a s
n o t  u n t il  th e  a d v e n t  o f  th e  m ix e d  f lo w  m e th o d  o f  D ix o n  an d  N o r m a n 113
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th a t  reasonably  accura te  m easu rem en ts  o f  the p ro ton  couplings became
pt_I ^  T T
available. These a u th o rs  de te rm ined  A M 3 to  be 61.6 MHz and ATf^ torr H
be 42.0 MHz from  a spec trum  consis t ing  of a 1:3:3:1 q u a r te t  of 1:1 
d o ub le ts .  The hydroxylic p ro to n  coupling was not observed due to 
the  f a c t  th a t  Dixon and N orm an’s experim ent was carried o u t  in an 
acidified aqueous so lu tion  (a  fea tu re  of the  rapid mixing technique), 
and consequen tly  f a s t  exchange p rocesses  with p ro tons  in so lu tion  
cou ld  o c c u r116. The pho to ly t ic  m ethod  of  Zeldes and Livingston117, 
in which a so lu tion  o f  up to  approxim ate ly  1% hydrogen peroxide in 
the  a lcohol to  be s tud ied  was subjec ted  to  intense u ltrav io le t  
irradiation, overcame th is  o bs tac le  and, in addition to  obtain ing more
C H  C H  QT Taccu ra te  values fo r  AH 3 and AH , they obtained AH , the  hydroxylic
p ro to n  coupling, to g e th e r  with the  tem pera tu re  dependences o f  all
C H  C Hth re e  coupling c o ns tan ts .  AH 3 and AH show the expected  small
O Hvibronic tem pera tu re  variation; AH shows a pronounced dependence,
s tro n g e r  than th a t  of the  analogous coupling in hydroxymethyl. A lthough
Zeldes  and Livingston did n o t  ob tain  sufficiently  many tem pera tu re
p o in ts  on the  hydroxylic p ro to n  coupling for a comprehensive analysis,
they  noted a decrease in the  ab so lu te  value of the  coupling with
increasing tem pera tu re , until a t  room  tem pera tu re  it  could no longer
be resolved, and inferred  a negative sign for this coupling cons tan t ,
passing  th rough  zero in the  vicinity o f  room  tem perature , and becoming
positive a t  higher tem pera tu res .  In a much more recent, m ore  accurate,
118and considerably more comprehensive s tudy  by Cirelli and co -w orkers  
all th ree  p ro ton  coupling c o n s ta n ts  in this radical were rep o r ted  over 
ten  tem pera tu re  values spanning the range 153 K to  364 K. Over this 
range the  hydroxylic couplings fo llow  an approximately linear re la tionship  
w ith  tem pera ture , having a positive tem pera tu re  coeffic ient (which Cirelli 
e t alia confirmed by m eans of  com plem entary  quantum  mechanical
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ca lcu la tions)  and passing  through zero a t  abou t 2 8 0 K. The experimental 
p o in ts  of Zeldes and Livingston fall some d istance  below  the  linear 
reg ress ion  b e s t - f i t  s t r a ig h t  line of Cirelli et al. ; i t  is likely th a t  this 
is a r e s u l t  of  hydrogen bonding in terac tions  inherent in the  experim ental 
env ironm ent used  by Zeldes and Livingston. Cirelli e t al. d em ons tra te  
t h a t  the  addition o f  e thano l  to their so lu tions  in apro tic  so lven ts  produces 
a low ering of the  coupling cons tan t  o f  the  hydroxylic p ro ton . The 
experim enta l  m e thod  o f  Cirelli et al., in which the sam ple consis ts  
o f  0.05 M aldehyde in an aprotic  solvent, effectively rem oves all hydrogen- 
bonding  and p ro to n  exchange in teractions betw een  the  radical and the 
so lven t,  and d ras tica lly  reduces radical-radical and radical-aldehyde 
a ssoc ia tions  by dilu tion. (That interactions o f  the la t te r  kind p e rs is t  
to  a small e x te n t  is show n through a s l igh t  dependence of the  
hydroxylic coupling upon aldehyde concen tra tion  which was evident 
a t  low  tem p era tu re s .)
The 2 -hydroxyprop-2-y l  radical ((CH3)2COH) was f i r s t  observed 
using m agnetic  resonance  techniques by Gibson and c o -w o rk e rs111, 
who subjec ted  a 50% H20 2/ H 20  g lass containing isopropanol to 
u l trav io le t  irradiation from  a mercury arc a t  a tem pera tu re  of  77 K.
They observed a s e p te t  corresponding to  the  in terac tion  o f  the  unpaired 
e lec tro n  w ith  six equivalent methyl pro tons. The reso lu tion  available 
in the ir  s tudy  was n o t  sufficient for the coupling o f  the  hydroxylic 
p ro to n  to  be seen. Later liquid phase photo ly tic  investigations by Zeldes 
and Livingston117 on acetone  and so lu tions  containing acetone  revealed 
a sm all hydroxylic p ro to n  coupling highly sensitive to  changes in 
tem pera tu re .  They determ ined the coupling c o n s ta n t  to  be 1.96 MHz 
a t  26°C, falling th rough  zero a t  -22.5°C to  negative values a t  lower 
tem pera tu re s ,  and sugges ted  tha t  this behaviour m ight m eaningfully 
be a t t r ib u ted  to  a negative, tem pera tu re-independen t con tr ibu tion
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from  spin  density  assoc ia ted  w ith the oxygen a tom  and a positive,
tem p e ra tu re -d e p e n d e n t con tribu tion  from  spin density  asso c ia ted  w ith
th e  a -c a rb o n  atom . M ore recen tly  th is radical has been sub jec ted  to
a com prehensive  ESR study  by Lehni119 in a variety  o f organic solvents.
The c h a ra c te r is tic  tem p era tu re  dependences w ere observed  fo r bo th
m ethy l and hydroxylic p ro ton  couplings. M easurem en ts w ere n o t
how ever m ade a t  tem p era tu re s  su fficien tly  low  to  drive the  coupling
o f th e  hydroxylic p ro to n  th rough  zero. U sing the  "ru le o f  thum b" of 
120K rusic and M eakin , Lehni ob tains a b a rrie r  to  in te rn a l ro ta tio n  around
th e  C -O  bond of a t  le a s t  3 .5kJm o l 1 fo r  th e  2 -hydroxyprop-2 -y l radical.
In co n sid e ra tio n  o f th e  linew idths obtained  in his ESR sp ec tra , Lehni
n o te s  th a t  w hen linew id th  is p lo tted  aga in st T / t), w here  7] is the  viscosity
o f th e  so lven t, the  experim ental po in ts  fa ll in to  tw o d is tin c t groups.
T hose ob tained  in so lven ts  in which som e degree o f hydrogen-bonding
b e tw een  th e  radical and the  so lven t m olecule is p o ssib le  are sm aller
th an  th o se  ob tained  in hydrocarbons by an am oun t c o n s is te n t over the
w hole  range o f m easurem ent. The qualita tive  exp lana tion  of th is
phenom enon  lies in the  form ation  o f hydrogen-bonded s tru c tu re s  in
asso c ia tin g  so lv en ts  which influence the  Brownian m otion  o f the
rad ica ls . In te resting ly , Lehni also no tes an increase in linew id th  a t low
T /t] , a ttr ib u te d  to  incom plete averaging o f an iso trop ic  hyperfine 
97in te rac tio n s  .
3.2 Muon Spin Rotation Studies.
3.2.1 The 2 -m uoxyprop-2-y l Radical Formed m P ropan-2 -one.
M uon spin  ro ta tio n  and, indeed, m ore recen tly  Level C rossing  
R esonance re s u lts  on m uonic rad icals form ed in p ro p an -2 -o n e  have 
a lready  been pub lished  by Hill and o th e rs6,7’121’122’123, b u t  in th is  study fo r 
the  f i r s t  tim e a fu ll investigation has been m ade over th e  w hole liquid 
range o f th e  com pound. (An earlier tem p era tu re  dependence experim ent
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ca rried  o u t a t PSI124 , refe rred  to  by Hill et a l}22, yielded re s u lts  which 
w ere  n o t th o u g h t to  be quan tita tive ly  u sefu l due to  irregu larities  in 
th e  tem p e ra tu re  regu la tion  produced by a fau lty  c ryosta t. The fo llow ing  
r e s u l ts  w ere obtained  w ith an im proved c ry o s ta t, and tem pera tu res , 
w here  n o t o therw ise  specified, may be considered  to  be accura te  to  
+0.1 K .)
An equ iportion  o f p ropan-2 -one  (su p p lied  by A ldrich) and d 6 -p ro p an -
2 -o n e  (supp lied  by MSD) of the h ig h es t g rades available was degassed
by th e  s tan d ard  p rocedure o f repea ted  freeze-p u m p -th aw  cycles and
se a led  in a spherical th in -w alled  g lass  vessel. U nder a tran sverse ly
app lied  ex te rnal m agnetic  field o f 0.2 te s la  a s e t  o f muon spin ro ta tio n
sp e c tra  w ere obtained  a t a variety o f tem p e ra tu re s  spanning th e  liquid
ran g e  o f the  m ixture. Figure 3.2 show s a selec tion  o f the Fourier
tra n s fo rm e d  sp e c tra  a f te r  the  rem oval o f the  signal corresponding  to
m uons in diam agnetic environm ents using a rou tine  based  upon the
12fu n c tio n  m inim isation package MINUIT . The signals are ch a rac te ris tic
123o f m uoxylic rad icals ; the  coupling c o n s ta n ts  are sm all, and show  
a tem p e ra tu re  dependence w ith a positive  tem pera tu re  coefficient. No 
evidence o f sp littin g  corresponding  to  an iso topom eric  d ifference in 
th e  hyperfine coupling co n stan t can be seen. This is unsurprising , as 
it  is w ell know n th a t  iso topic e ffe c ts  on transm ission  o f unpaired spin  
d en s ity  a tte n u a te  rapidly w ith d isp lacem en t o f the  iso topic  su b s titu tio n  
from  the  nucleus a t which the m easu rem en t is made. This re s u lt  may 
be c o n tra s te d  w ith  the relatively large e ffe c ts  obtained on iso top ic  
s u b s ti tu tio n  a t (3-positions which are  w ell docum ented fo r the  e thyl 
rad ic a l78. The reduced m uon-elec tron  coupling c o n stan t obtained in 
th is  liquid is found to  vary from  3.6 MHz a t 180K up to  9.4 MHz a t 
319 K, w ith  only a sm all deviation from  linearity  in the  dependence.
The coup lings are displayed in fu ll in Table 3.1.
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Figure 3.2 Fourier tran sfo rm ed  pSR sp ec tra  o f  the  2-m uoxyprop-2-y l
radical  in p u re  liquid p r o p a n -2 -o n e .
Table 3.1 P roperties  o f ^iSR sp e c tra  obtained from  a sam ple consisting  
o f a m ix tu re  in p ro p o rtio n  1:1 by volum e of p ropan -2 -one  w ith  its  
h ex a d eu te ra ted  iso topom er. T em peratu res are in K, tra n s itio n  frequencies 
and  coupling  c o n s ta n ts  in MHz.
T V12 V43 A,  (A^
319.0 12.2946 42.1625 29.8679 (9.3827)
300.0 13.6041 40.8703 27.2662 (8.5654)
277.0 15.1290 39.2859 24.1569 (7 .5886)
251.0 16.8937 37.3909 20.4972 (6 .4390)
228.0 18.4594 35.8995 17.4401 (5 .4786)
203.0 20.0172 34.3246 14.3074 (4 .4945)
180.0 21.2840 32.8835 11.5995 (3.6439)
A pproxim ately  4 x l0 7 even ts  w ere co llected  per tem pera tu re . From  the  
p o s itio n  o f vD (=27.3 M H z) th e  ex te rn a l field  w as determ ined  to  be 
0.2013 T.
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Figure 3.3 Newman p ro jec tions o f the  conform ations of the  2-m uoxy-
p ro p -2 -y l radical.
(b )
Me Me
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I t  is com m only assum ed  th a t  th e  equilibrium  confo rm ation  o f the  
2 -m uoxyprop -2 -y l rad ical is as show n in Figure 3 .3 (a), having Cs 
sym m etry , a p lanar radical cen tre , and the m uon lying in the  nodal 
p lan e  o f the  2p o rb ita l no tionally  contain ing the  unpaired e lec tron .
The con fo rm ation  rep resen tin g  the  to rs ional po ten tia l m axim um  around 
th e  C -O  bond is th en  supposed  to  be o f Cs sym m etry, w ith  the  O-M u 
b o n d  eclipsing the  axis of the  2p o rb ita l, as show n in F igure 3 .3 (b ). 
W ith in  th is approx im ation  it is reasonab le  to  assum e th a t  th e  m ajor 
c o n tr ib u tio n  to  the  p o ten tia l b a rrie r  to  in ternal ro ta tio n  is tw ofo ld  
in th e  to rs ional angle  y.
U sing th e  s ta t is t ic a l  theory  o f ro ta tio n a l averaging, and w ith  a
value fo r the  reduced  m om ent o f inertia  fo r in ternal ro ta tio n  (ob ta ined
— -4-8using  the  ab initio  geom etry  determ ined  in C hapter 5) o f IR = 1.393x10 
k g m 2, a tw o fo ld  b a rrie r  o f V2 = 3828J m ol-1 was ca lcu la ted  fo r th is 
rad ica l in pure acetone, w ith  accom panying hyperfine p a ram ete rs  o f 
A = -117.0MHz and B= 315.3 MHz. The values obtained fo r th ese  pa ram ete rs  
in th is  instance are m arkedly d iffe re n t from  those  appropria te  to  the  
se rie s  o f iso to p ica lly -su b stitu te d  ethyl radicals, where the  ang le- 
independen t te rm  A, though  significantly  s till a negative quan tity , is 
m uch sm alle r in m agnitude. The high tem pera tu re  lim it o f the  hyperfine 
coup ling  co n stan t, given by A + B /2, is 40.65 MHz, s till  considerab ly  
h igher than  the g re a te s t coupling c o n stan t obtained here; hence it  is 
a p p a re n t th a t  the  to rs ional barrier is such th a t free ro ta tio n a l averaging
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is n o t c lose ly  approached  in the liquid phase fo r th is  species. U tilising 
th e  to rs io n a l eigenvalues obtained  from  the  above ca lcu la tion , th e  curve 
co rrespond ing  to  th e  th eo re tica l m uon-elec tron  hyperfine coupling  c o n stan t 
w as de term ined , e x tra p o la tin g  to  tem pera tu res b o th  above and below  
th e  ex trem a  o f experim en ta l m easurem ent. This curve, i l lu s tra te d  in 
Figure 3.4 to g e th e r  w ith  th e  experim ental po in ts, show s a c lea r minimum 
a t  T = 144 K. The value o f  A’^  a t  th is minimum is 3.2 MHz. This behaviour 
is qua lita tive ly  d iffe re n t from  th a t  observed experim en tally  fo r  the  
ana logous hydrogenic radical, where the coupling c o n s ta n t o f the  
hydroxylic p ro to n  can be m ade to  pass th rough  zero  a t  low  tem p era tu res .
The exp lana tion  o f th is  d isparity  lies in itially  in th e  values o f < cos2y>.,
co rrespond ing  to  th e  to rs io n a l eigenvalues E., over w hich a B oltzm ann
averaging is pe rfo rm ed  in o rder to  evaluate the  th eo re tica l hyperfine
coupling  c o n s ta n t a t  a given tem pera tu re . Taking, fo r exam ple, the
119hydroxylic p ro to n  coup lings obtained by Lehni fo r  the  2 -hydroxy- 
p ro p -2 -y l radical in p ro p an -2 -o l (which are likely to  exh ib it th e  c lo se s t 
resem blance  to  th e  pSR re s u l ts ) ,  and subjecting them  to  a quan tum  
m echanical analysis w ith in  the theory  o f ro ta tio n a l averaging, using 
a value o f 1.231xl0_47kg m 2 fo r the reduced m om ent o f in ertia  fo r 
in te rn a l ro ta tio n  around  th e  C -O  bond (larger than  th a t  in th e  m uonic 
rad ical by a fac to r  o f  9 ), and assum ing the equilibrium  to rs io n a l angle 
^  to  be tc/ 2, th e  fo llow ing  values fo r a tw ofo ld  p o ten tia l b a rr ie r  to  
in te rn a l ro ta tio n  and its  assoc ia ted  hyperfine coupling p a ra m e te rs  are  
obtained .
V2 = 71.4 k jm o l-1 
A = -0.041213 MHz 
B = 1.3006 MHz
D isregarding fo r the  m om ent the  ra th e r high value c a lc u la te d  fo r  V2, 
th ese  re s u lts  can be sub jec ted  to  c loser scrutiny.
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Figure 3.4 C alculated  dependence o f  A'  ^ upon T fo r th e  2 -m uoxyprop-2 -y l 
radical in pure p ropan-2-one, to g e th e r  w ith experim ental po in ts .
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The to rs ional eigenvalues Ej leading to  the  above figu res are shown
in T ab le  3.2 below , to g e th e r  w ith the  corresponding  values o f ^ o s ^ ^
and th e  m ean hydroxylic p ro to n  hyperfine coupling c o n s ta n t <A^H(y)>..
For a ll i> 2  the  coupling c o n s ta n t associa ted  w ith E. is positive , and
only  fo r  i = l is i t  ac tu a lly  negative. Hence as the  te m p e ra tu re  is reduced, 
O HAh  (T) decreases m onoton ica lly  to  a hypothetical lim iting  value, a t  
O Ha b so lu te  zero, o f <AH ( y ) ^ ,  o r -0 .0007 MHz. The tem p e ra tu re  dependence 
o f th e  th eo re tica l hyperfine coupling c o n s ta n t fo r th e  hydroxylic p ro ton  
in th e  2 -hydroxyprop-2 -y l radical is show n in F igure 3.5.
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Figure 3.5 C alcu lated  dependence o f A®H upon T fo r th e  2-hydroxyprop-2-y l 
radical in isopropanol.
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Table 3.2 T orsional eigenvalues Ej (J m ol *) fo r  the  2-hydroxyprop-2-y l
rad ical, to g e th e r  w ith  values o f < c o s 2 y >. and <A ^H(y)>j (M Hz).
i Ei < cos2y>.
1 4343 0.03115 -0 .0007
2 4355 0.03171 0 .0000
3 12930 0.09582 0.0834
4 13041 0.10049 0.0895
5 21426 0.17018 0.1801
6 21889 0.18678 0.2017
7 30080 0.26311 0.3010
8 31252 0.29866 0.3472
9 39060 0.37701 0.4491
10 41160 0.43220 0.5209
11 48234 0.50525 0.6159
12 51180 0.57570 0.7076
13 57135 0.63933 0.7903
14 60611 0.71333 0.8866
IS 65351 0.75520 0.9410
16 67681 0.86021 1.0776
17 70174 0.89097 1.1176
18 77545 0.88597 1.1111
19 78111 0.91494 1.1488
20 81779 0.88062 1.1042
21 81941 0.89136 1.1181
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The s ta t ic  p o ten tia l barrier to  in te rnal ro ta tio n  in the 2-m uoxy- 
p r o p - 2-y l rad ical as determ ined  by these  ca lcu la tio n s  is sm aller by 
a f a c to r  o f a lm o s t 20 than  th a t  in its  p ro ton ic  analogue. This is the 
rev e rse  o f the  s itu a tio n  encoun tered  in the  s u b s titu te d  ethyl radicals, 
w here  th e  to rs io n a l p o ten tia l m inimum occurs a t  # = 0° ( s e e  section  2.1.5, 
in w hich th e  rad icals  CHD2CD2 and CMUD2CD2 are  com pared). The 
va lues o f Ei( < cos2Y>i5 and <A'(y)>j correspond ing  to  the so lu tion  of 
th e  to rs io n a l p roblem  fo r  A, B, and V2 described  above fo r th is radical 
a re  l is te d  in Table 3.3, and the  ca lcu la ted  tem p era tu re  dependence of 
th e  m u o n -e lec tro n  hyperfine coupling c o n s ta n t is illu s tra te d  in Figure 3.4.
From  Figure 3.4 i t  can be seen th a t, in the  tem p era tu re  dependence 
o f th e  (3-coupling, th e  2-m uoxyprop-2-y l radical exh ib its  p roperties 
r a th e r  d iffe re n t to  its  hydrogenic iso topom er. The ab so lu te  values are 
m uch larger, and th ere  is a minimum a t T=144K, w here A’^  3.2 MHz.
The cau se  o f th is  behaviour lies in the fac t th a t  in th is case, again, 
on ly  one to rs io n a l s ta te  has associa ted  w ith it  a negative coupling 
c o n s ta n t ,  b u t  here i t  is the  s ta te  fo r which i = 2 , w hereas in the  
hydroxy lic  rad ical it  is the  i=l s ta te . In th is  case, th e  i = l s ta te  gives 
a  sm a ll positive  coupling, and all those  w ith i >2 give positive couplings 
which are  som ew hat larger. Figure 3.6 show s the  rela tive populations 
of the to rs io n a l s ta te s  a t a variety o f tem pera tu res.
Figure 3 .6 (a) rep re sen ts  the  populations o f the  in ternal ro ta tio n  
s ta te s  a t  o r near ab so lu te  zero. Here all the  rad icals  in the  ensem ble 
a re  in th e  s ta te  o f low est energy, and the n e t m u o n -e lec tro n  coupling 
is given by A’^ O) = <A^(y)>1 = 10.3 MHz. Figure 3.6 (f), which m ust be 
reg a rd ed  as en tirely  notional, rep resen ts  the  s itu a tio n  a t 106 K, where 
th e  to rs io n a l s ta te s  are a lm ost equally popu lated . (A t such tem p era tu res , 
o f  co u rse , no s tab le  m olecules w ould e x is t . ) The in ten tio n  o f th is figure  
is to  d em o n s tra te  the  e x ten t to  which it is necessary  to  raise the
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Table 3.3 T o rsiona l eigenvalues Ej (J mol 1) fo r the  2 -m uoxyprop- 2-yl
rad ical, to g e th e r  w ith  values o f <cos2Y>i and < A '(y )^  (M H z).
i Ei <cos2y>i <A;<Y)>i
1 1726.6 0.40372 10.2745
2 331S.0 0.22692 -45.4741
3 5224.3 0.72322 111.0181
4 11495.4 0.48343 35.4076
5 11682.7 0.57965 65.748
6 23564.7 0.51063 43.9853
7 23569.5 0.51433 45.1511
8 40379.3 0.50661 42.7175
9 40379.3 0.50667 42.7348
10 61785.7 0.50415 41.9403
11 61785.7 0.50415 41.9404
12 88439.1 0.50284 41.5291
13 88439.1 0.50284 41.5291
14 119681.2 0.50207 41.2864
IS 119681.2 0.50207 41.2864
16 155728.9 0.50158 41.1306
17 155728.9 0.50158 41.1306
18 196594.2 0.50622 42.5938
19 196594.2 0.50622 42.5938
20 242253.0 0.50553 42.3759
21 242253.0 O.SOS53 42.3759
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Figure 3.6 P opulations o f to rsional s ta te s  in (CH3 )oCOMu at six tem p era tu res .
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te m p e ra tu re  o f the  system  in o rder to  approach  th e  free  ro ta tio n  lim it, 
w here  A’^ (T) = A + B /2 . The in term ed ia te  figu res show  th e  configu ration  
o f th e  en sem b le  a t  tem p era tu re s  m ore rea lis tica lly  am enable to  
ex p e rim en ta l investiga tion . I t  can be seen  th a t  the  re la tive  im portance 
o f th e  c o n tr ib u tio n  to  th e  ensem ble from  th e  s ta te  i = 2 is a t  a 
m axim um  a t  144 K.
I t  may a lso  be no ticed  from  th e  to rs io n a l eigenvalues obtained  
in th is  ca lcu la tio n  th a t  the  regim e of tw o fo ld  degeneracy fam iliar from  
th e  th eo ry  o f  free  in te rnal ro ta tion , suspended  in th o se  levels w ith in  
o r n ea r th e  s ta t ic  to rs io n a l p o ten tia l w ell, is re s to re d  in th e  h igher 
lev e ls  ( a t  th e  accuracy o f these  ca lcu la tions, in levels above E-,). All 
th e se  h igher levels have sim ilar assoc ia ted  values o f <cos2y>., and each 
gives a  co n tr ib u tio n  to  A'^ in the  vicinity o f th e  la t te r ’s high tem p era tu re  
lim it. The s ta t ic  tw ofo ld  po ten tia l b a rrie r  V2 and the  to rs io n a l levels 
ly ing w ith in  it  a re  p ic tu red  in Figure 3.7.
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Figure 3.7 T w ofold  barrier and to rsional levels fo r (CHgloCOM u.
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3.3 The Effect of a Hydrogen-Bonding Solvent on the Dynamical Properties 
of the 2-muoxyprop-2-yl Radical: pSR Studies on Binary Aqueous 
Solutions of Propan-2-one.
3.3.1 Radical Environm ents.
The ESR s tu d ie s  carried  ou t upon a-hydroxyalkyl rad icals  have, 
as m uch by reason  o f experim ental design as o f sc ien tific  in te re s t, 
been  undertaken  in a variety  of radical env ironm ents. O ften , in fac t, 
th e  n a tu re  o f the  rad ical environm ent is n o t accura te ly  know n, fo r  
exam ple when the  rad ical is generated  by chem ical reac tio n  o r high 
energy irradiation. However, as the am ount o f available d a ta  on these  
rad ica ls  increased, i t  becam e c le a r118,119 th a t  the  hyperfine coupling 
c o n s ta n t o f the  hydroxylic p ro ton  was highly sensitive, n o t only to  
varia tions in tem pera tu re , b u t also to  the su rroundings in which the 
rad ical was genera ted , to  the  associations betw een the  rad ical and its  
environm ent.
R adical-radical associa tions in ESR experim ents can, in general, 
be v irtually  elim inated  by ensuring th a t the  radical co n cen tra tio n  rem ains 
low , b u t associa tions betw een radicals and so lven t m olecu les canno t 
so  easily be co n tro lled , and it is therefo re  im portan t th a t  th e  physical 
and chem ical fac to rs  influencing these be understood . T ransverse  field  
pSR experim ents are typically carried o u t on pure liquids; hence, barring
23rad io ly tical p ro d u c ts  from  the therm alisation  o f the  m uon , the  
environm ent o f th e  m uonic radical may be considered en tire ly  to  co n sis t 
o f so lven t m olecules, from  which the radical is p roduced  by m uonium  
addition . In the con tinuous beam pSR experim ent, the  m ethod  o f positron  
coun ting  requires th a t  only one muon be p resen t in the  sam ple  a t any 
tim e; th is  precludes rad ica l—radical associations. (This is in c o n tra s t  
to  the  pulsed beam  TFjiSR experim ent, in which 103-10s are in jected  
in to  the  sam ple in a single pulse, and consequen tly  th ere  is a sm all
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b u t n o n -ze ro  possib ility  of in terac tions betw een m uonic species 
s im u ltan eo u sly  p resen t.)
3.3.2 ESR Background.
• 119Lehni , in his stud ies of the  2-hydroxyprop-2-y l radical in a 
varie ty  o f organic so lvents, observed n o t only th a t  the hydroxylic 
p ro to n  coupling  show ed a strong  tem p era tu re  dependence, b u t a lso  
th a t  th e  w hole curve of hyperfine coupling c o n s ta n t against tem p era tu re  
co u ld  be sh if ted  up or down by varying th e  so lvent. The h ig h est couplings 
w ere  found  in n -alkanes and cycloalkanes, w here there  is very l i t t le  
p o ss ib ility  o f in te rac tion  betw een rad icals and so lven t m olecules, and 
th e  coup lings w ere found to  decrease w ith  b o th  increasing so lv en t po larity  
and  increasing  so lven t hydrogen-bonding ability. Close inspection  of 
h is d a ta  add itionally  reveals a change in the  cu rvatu re  o f the  dependence 
o f th e  coupling  c o n s ta n t on tem pera tu re  as the  so lven t is varied. Lehni 
m ade no a tte m p t a t a quan tita tive  th eo re tica l analysis o f his ESR data, 
and  th ese  fea tu re s  rem ain largely unexplained. He did how ever go som e 
way to w a rd s  an investigation  of the  dynam ical behaviour o f 2-hyd roxy - 
p ro p -2-y l rad ica ls  in so lu tion  by exam ining the  linew idths obtained  
in his ESR sp ec tra , p lo ttin g  them  aga inst T /t\, the  q u o tien t o f tem p era tu re  
and  so lv e n t v iscosity . A sim plification o f his findings can be seen in 
Figure 3.8.
(A) Solvents fo r which no 
hydrogen bond fo rm ation  
w ith  th e  radical is possib le .
(B) Solvents fo r  which hydrogen 
bond form ation  w ith  the  
radical is possib le.
Figure 3.8
AH,
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His re su lts  fell in to  tw o clear groups, labelled  (A) and (B) in th is
figu re . Group (A) co n s is ts  o f so lvents such as n-alkanes and cycloalkanes,
w here  hydrogen bonding betw een the  so lvent and the radical does no t
ex is t; g roup  (B) co n sis ts  o f those  in which som e degree o f hydrogen
bond ing  w ith  the  radical is possible, such as a lcohols and ace to n itr ile .
M a n ife s tly , th e  origin o f th is  separation  lies in the influence ex e rted
by hydrogen  bonding upon the  Brownian m otion of the 2 -hyd roxyp rop - 2-yl
rad ica l. A m ore q uan tita tive  explanation is ra th e r  d ifficu lt.
A l i n e a r  i n c r e a s e  in  l i n e w i d t h  w i t h  T / t], s u c h  a s  t h a t  o b s e r v e d  a t
high T/r), is typically a ttr ib u te d  to  spin ro ta tio n  in te rac tio n s125. The
c o n tr ib u tio n  of such in te rac tions  to  the  linew idth is approx im ate ly
p ro p o rtio n a l to  th e  iso trop ic  angular m om entum  corre la tion  tim e, which
is given by a m odified S tokes-E in ste in  rela tion  t T= —— -^5----  , w here
J o 7 ta ^ x 7 ]
I and  aQ are  respectively  the  m om ent o f inertia  and hydrodynam ic radius
o f th e  so lu te  m olecule, and x is an em pirical param eter p ro p o rtio n a l
126
t o  t h e  m e a n  s q u a r e  t o r q u e s  a c t i n g  o n  t h e  s o l u t e  m o l e c u l e s  . T h e  s l o w e r  
i n c r e a s e  in  l i n e w i d t h  w i t h  T / t] f o r  r a d i c a l s  f o r m e d  in  a s s o c i a t i n g  s o l v e n t s  
m a y  p e r h a p s  t h e n  b e  u n d e r s t o o d  in  t e r m s  o f  a n  i n c r e a s e  in  t h e  e f f e c t i v e  
h y d r o d y n a m i c  r a d iu s  o f  t h e  r a d ic a l  t h r o u g h  t h e  c r e a t i o n  o f  l a r g e r  s t r u c t u r e s  
b y  a s s o c i a t i o n  w i t h  s o l v e n t  m o l e c u l e s .
The linew idth  passes  through  a minimum a t roughly th e  sam e value 
o f  T /t) fo r bo th  group (A) and group (B), and begins to  increase again 
as T / 7) decreases tow ards zero. This phenom enon is explained as re su ltin g  
fro m  the  incom plete  averaging o f an iso tropic hyperfine e ffe c ts  . The 
co n tr ib u tio n  to  the  linew idth  made by e ffec ts  of th is kind depends 
in a  n o n stra ig h tfo rw ard  way on such fac to rs  as nuclear spin  s ta te  and 
reo rien ta tio n a l co rre la tion  tim e, and fo r th is reason Lehni om its  to  
a s se s s  it  quantitatively .
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One o f the  m ost pow erfully  hydrogen-bonding so lven ts  available 
to  ex perim en ters  is of course w ater, and a study of a-hydroxyalky l 
rad ica ls  form ed in w ater w ould no doub t yield m uch in te re s tin g  
in fo rm ation . U nfortunately , however, no com prehensive study  o f th is  
kind appears to  have been done. (The radical p roduction  m ethod  used 
by Lehni is unsu itab le  fo r an aqueous env ironm en t.) An early  r e s u l t  
by Z eldes and Livingston117 in fac t suggests  an increase in the  
hydroxylic  p ro to n  coupling in aqueous so lu tion  rela tive to  th a t  in 
a c e to n e  w ith  an adm ixture o f 2% propan-2 -o l. A lthough th is  observa tion
4 0 0
is u sed  by H ill et al. in th e ir derivation of A ^ A j^ , it  is based  
on th e  com parison of two very sm all couplings m easured a t  d iffe re n t 
te m p e ra tu re s  w ith a low degree o f accuracy and, especially  in th e  lig h t 
o f  th e  fa c t th a t  i t  goes aga in st logical expectation  on the  basis  o f 
d a ta  ob tained  in o ther hydrogen-bonding solvents, m u st be regarded  
a l i t t le  warily.
3.3.3 uSR Background.
T ransverse  field pSR sp ec tra  obtained  a t CERN by Hill and co - 
w o rk e rs40,121,122 a t room tem p era tu re  from  a series o f binary so lu tio n s  
o f acetone  and w ater, w ith the m ole frac tion  of acetone varying from  
0.2 to  0 .95, and w ith a reference sam ple of pure acetone, revealed 
severa l in te restin g  fea tu res. F irstly , and m ost surprisingly , th e re  w as 
seen  to  be a m arked drop in the  m uon-elec tron  coupling c o n s ta n t from  
th e  pu re  acetone value upon the addition of even a sm all p ro p o rtio n  
o f w a te r  (a  dim inution o f 11.4% in the coupling on addition  o f 5% w a te r) . 
On fu r th e r  addition of w ater the  coupling co n stan t continued  to  decrease, 
ap p aren tly  m onotonically  (as  w ell as can be judged w ithin the  given 
b ounds o f experim ental e rro r) , b u t much more gradually . The lo w est 
coup ling  co n s ta n t m easured was 21.7 MHz, a t a m ole frac tion  o f  w a te r 
o f 0 .8 .
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The low ering  o f th e  hyperfine coupling c o n s ta n t found in th ese  
b inary  m ix tu res  w ith  w a te r  w as in te rp re te d  by H ill e t al. in a q u a lita tiv e  
fash ion  as o rig ina ting  in an increase  in the  num ber o f  p o ss ib le  h yd rogen - 
bonding  s tru c tu re s  availab le  to  the  2 -m uoxyprop -2 -y l rad ical ( se e  Figure 
3.9). In pure  acetone , th e  only "m uonium -bonded" s tru c tu re  availab le  
is th e  rad ic a l-ac e to n e  com plex  (i), in which th e  rad ica l a s so c ia te s  w ith  
a  s ing le  so lv e n t m olecu le . W here w a te r is p re se n t th e re  is an in crease  
in th e  num ber o f p o ss ib le  a sso c ia ted  species: in ad d itio n  to  s tru c tu re  (i), 
w hich is s ti l l  o f  co u rse  p ossib le , th e re  is the  species  (ii) in w hich the  
rad ica l is a sso c ia te d  w ith  th re e  w a te r m olecu les, in one case  by a m uonium  
bond  and in th e  o th e r  tw o  by "conven tional” hydrogen  bon d s. T here 
is a lso  th e  p o ss ib ility  o f  th e  m ixed s tru c tu re  (iii), in w hich th e  rad ica l 
is m uon ium -bonded  to  one m olecu le  o f ace tone  and hyd ro g en -b o n d ed  
to  tw o  m olecu les o f w a te r. As Hill e t al. rem ark , th e  conven tional 
hydrogen -bond ing  in te rac tio n s  are n o t p re se n t w hen th e  rad ica l is fo rm ed  
in pu re  acetone ; they  a re  only "sw itched  on" by th e  p resen ce  o f  w a te r  
m olecu les. Evidently  they  e x e rt a considerab le  h indering  in flu en ce  upon 
th e  lib ra tio n a l m o tions o f  Mu around  the  C -O  bond.
Figure 3.9
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P r o b a b ly  a s  a r e s u l t  o f  t h e  p r e s e n c e  o f  t h e  d i a m a g n e t i c  s ig n a l ,
w hich o b scu res  th e  sp e c tra  o f a-m uoxyalky l rad icals, esp ec ia lly  a t  low
te m p e ra tu re s  w here th e  signa ls  begin  to  coalesce, H ill e t al. did n o t
a tte m p t a m ore q u a n tita tiv e  study , ob tain ing  values o f  th e  m u o n -e lec tro n
coup ling  c o n s ta n t over a fu ll range  o f  tem p era tu re  and com position .
In p rincip le  such  a s tudy  could  yield  in fo rm ation  p e rta in in g  to  to rs io n a l
b a rr ie rs , e ffec tive  m om en ts o f inertia , and hydrodynam ic radii.
3.3.4 Radical F orm ation .
As som eth ing  o f a d ig ression , i t  shou ld  perhaps be p o in te d  o u t
th a t  th e  p ro cess  o f fo rm ation  o f th e  2-m u o x y p ro p -2-y l rad ica l has
22 23 121 122been  th e  su b jec t o f som e debate  ’ ’ ’ . The fo rm a tio n  reac tio n
(C H 3 )2CO + Mu --------- > (CH3)2COH (3.1)
127w as f i r s t  s tu d ied  by Percival e t al. , and its  ra te  c o n s ta n t  de te rm ined
7  —1 —1to  be k M u= 8.7x10 M sec . Since, in a 7M aqueous so lu tio n , a fie ld  
g re a te r  th an  0.01 te s la  d ep o la rises  m uonium  in a tim e com parab le  to  
th a t  requ ired  fo r  th e  d ire c t fo rm atio n  p rocess  (3.1) above121 , th e  rad ical 
in high fie ld  ex p erim en ts  p resum ab ly  has its  orig in  in som e o th e r  m echanism , 
such  as th e  in d irec t p ro c e ss  d escribed  by equations (3.2) and  (3.3) below , 
w here  e“ q and p+ add sep ara te ly  to  th e  su b s tra te  to  p ro d u ce  th e  radical.
(C H 3 )2C = 0 + e" --------- > (CH3)2C -C f (3.2)
(C H 3)2C - 0 “ + \l+  > (CH3)2C -O M u (3.3)
This tw o -s te p  m echanism  is ana logous to  th a t  fo r  th e  rad io ly tic  
fo rm a tio n  o f th e  p ro to n ic  analogue in aqueous sy s te m s128.
C ox and Sym ons22 , in th e ir review  o f fo rm ation  p ro c e sse s  o f 
m uonated  rad icals , m ake the  ob se rv a tio n  th a t  in aqueous so lu tio n s  o f 
ace to n e  several o th e r  reac tio n s  w ill play a p a rt. M ost d irec tly , w a te r  
w ill com pete  w ith  aceto n e  fo r th e  m uon, w ith co n seq u e n t fo rm atio n  
o f species such as H2OMu+, the  m uonic hydroxonium  ion, w hich can 
g en e ra te  m uonium  via an en co u n te r w ith  a rad io ly tic  e le c tro n , th u s
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s u p p r e s s i n g  t h e  io n ic  m e c h a n is m  o f  r a d ic a l  p r o d u c t i o n .  A l s o ,  th e
hyd rog en -b o n d ed  species (CH3)2C O  HO H w ill have a reactiv ity
d iffe rin g  from  th a t  o f " iso lated" p ro p a n -2-o n e  m o lecu les  in tw o  ways. 
F irs tly , the  p resen ce  o f a w ater m olecule in th e  reg ion  o f th e  oxygen 
a to m  w ill s te r ic a lly  b lock  the approach o f n e u tra l m uonium . Secondly, 
as th e  p resen ce  o f  th e  hydrogen-bonded  w a te r  m olecu le  d ec reases  th e  
e le c tro n  density  a t  th e  carbonyl bond and  th u s  in c reases  th e  e le c tro n  
a ff in ity  o f th e  ace to n e  m olecule, the  d ire c t fo rm a tio n  o f  th e  so lv a ted  
an ion  in aqueous so lu tio n  may be said to  be favoured  over anion fo rm a tio n  
in p u re  acetone . Both o f th ese  asp ec ts  favour th e  ionic m echanism  
o f  rad ical fo rm ation , and th e  n e t ou tcom e m u st th e re fo re  be a com prom ise  
b e tw e en  th ese  opposing  in fluences. C o n sid e ra tio n  o f line broaden ing  
r e s u l ts  ob ta ined  by Hill et al}22 leads to  th e  conc lu sion  th a t  the  
d o m in an t phenom enon  in aqueous so lu tio n  is th e  "dam ping" o f the  ra te  
c o n s ta n t  fo r  m uonium  addition , and th e re fo re  th a t  hydrogen  bonding  
is th e  m ajor so lv e n t e ffec t.
S tud ies  by R oduner23,129 using d im ethy lbu tad iene  as a "m uonium  
scavenger" have quan tified  the  re la tio n  be tw een  "d irect"  and ionic 
p ro c e sse s  in th e  fo rm atio n  o f the  2-m u o x y p ro p -2-y l rad ica l in p ro p an - 
2-o n e  and aqueous so lu tio n s  thereo f, and given th e  f i r s t  c lea r idea 
o f  th e  n a tu re  o f th e  end of the m uon tra c k  in o rgan ic  liquids.
3.3.5 Level C ro ssin g  R esu lts.
M ost recen tly , th e  fo rm ation  o f m uonic free  rad ica ls  in so lu tio n s  
o f p ro p a n -2-o n e  in hexane, w ater, and th e  m icelle  ce ty ltr im e th y lam m o n iu m  
b rom ide has been  s tud ied  using the  re la tive ly  new techn ique  o f m uon 
(A voided) Level C rossing  Resonance s p e c tro sc o p y 124.
The f ir s t  room  tem p era tu re  observa tion  o f the  ALC sp ec tru m  o f 
p u re  p ro p an -2 -o n e  w as m ade a t PSI by Hem ing and c o -w o rk e rs6 .
An unreso lved  m u ltip le t corresponding  to  th e  six  equ ivalen t m ethyl
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p ro to n s  w as seen. By m aking use of the  know n m u o n -e le c tro n  coupling 
c o n s ta n t  A^= 27.0 MHz (av erag ed  from  severa l "room  tem p era tu re"  
o b se rv a tio n s  ) and th e  value o f the  app lied  fie ld  a t  w hich th e  resonance  
o ccu rred , BQ= 153.8 mT, a figure for th e  p ro to n  coup ling  o f AH = 55.1 MHz 
w as derived ; th is  is very c lose to  Z eldes and  L iv ingston ’s 117 re s u l t  
o f  54.5 M Hz, and ind ica tes th a t  the  e f fe c t  o f  iso to p ic  s u b s ti tu tio n  o f 
a  m uon  fo r  a p ro to n  a t  the  carbonyl oxygen a to m  upon  th e  sp in  density  
a t  th e  rad ica l c e n tre  is s ligh t.
S u b se q u e n t in v estiga tions  by V enkatesw aran  e t a l124 a t  TRIUMF 
show ed  an  up fie ld  s h if t  o f 28 mT in th e  reso n a n c e  p o s itio n  in a 30% 
by volum e so lu tio n  o f p ro p an -2-o n e  in w a te r  re la tiv e  to  th a t  in pure  
p ro p a n -2 -o n e , to g e th e r  w ith  a reduc tion  in s igna l in ten s ity . C onversely , 
in a  30% so lu tio n  by volum e o f p ro p an -2 -o n e  in n -h ex an e , th e  signal, 
o f  an in te n s ity  com parab le  to  th a t  ob ta ined  in aqueous so lu tio n , w as 
fo u n d  to  have been  sh if ted  in position  to  a fie ld  lo w er by 11.5 mT. U sing 
th e  TFpSR value ob tained  by Hill et alia122 fo r  th e  room  tem p e ra tu re  
m u o n -e le c tro n  coupling  c o n s ta n t m easu red  in an aqueous p ro p a n -2-o n e  
so lu tio n  nom inally  o f the  sam e co n cen tra tio n , they  derive a m ethyl 
p ro to n  coup ling  c o n s ta n t 55.5 MHz, equal w ith in  th e  lim its  o f
ex p e rim e n ta l e rro r  to  th a t  ob tained  in pu re  acetone . The a p p a ren t 
im m unity  o f  A „  to  the  e ffe c ts  induced by hydrogen  bonding  im plies 
th a t  in te ra c tio n s  in the  vicinity of th e  carbonyl oxygen a to m  have 
l i t t le  e f fe c t  e ith e r  on th e  relative n e t c o n fig u ra tio n  o f th e  m ethy l 
g ro u p s  and the  rad ical cen tre  o r on th e  long ran g e  in tram o lecu la r 
d is tr ib u tio n  o f spin density . No TFpSR re s u l t  e x is ts  fo r  p ro p an -2 -o n e  
in n -h ex an e , b u t V enkatesw aran  et al. derive a value o f A^ = 29.4 MHz 
from  th e ir  level c ro ssin g  experim ents. The re so n an ce  s h if ts  observed  
a re  in acco rdance  w ith  the  hydrogen bonding  in te rp re ta tio n  p u t  fo rw ard  
fo r  th e  tra n sv e rse  field  re su lts .
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V enkatesw aran  et alia did no t observe any signal co rrespond ing  to
2-m u o x y p ro p -2-y l rad icals in m icellar so lu tio n s , even up to  fa irly  high
c o n c e n tra tio n s  o f p ropan -2 -one. This fa ilu re  su g g e s ts  the  en h an cem en t
o f  a com petitive  reaction  th ro u g h  iso la tio n  o f  p ro p a n -2-one  m o lecu les  
130in a m ice lla r phase . The reac tio n  su g g e s te d  by V enkatesw aran  e t al. 
as  th a t  w hich com es to  dom inate  is th e  hydrogen  a tom  a b s tra c tio n  (3 .4).
Mu + (CH3)2CO --------- > M uH + CH 3CO CH 2 (3.4)
This a s se r tio n  is su p p o rted  by th e  predom inance o f  th e  a b s tra c tio n  
re a c tio n
H + (C H 3)2CO --------- > H 2 + C H 3COCH2 (3.5)
over th e  add ition  reac tion
H + (CH3 )2CO --------- > (C H 3 )2COH (3.6)
fo r  hydrogen  a to m s131.
3.3.6 .A M ixture  o f P ropan-2 -one  and W ater in V olum e Ratio 20:1.
A pprox im ately  20m l (15.71 g) o f high g rade  p ro p an -2 -o n e  (su p p lied  
by A ld rich ) and approx im ately  1ml (1 .02g) o f d is tilled  w a te r w ere  m easu red  
in to  a pSR sam ple p repara tion  fla sk . The m ix tu re , in a sing le  
liqu id  phase, w as then  degassed  by th e  s ta n d a rd  p rocedure  and 
se a le d  in to  a g lass  pSR sam ple bu lb  o f 35mm diam eter. U sing th e  
pE4 beam line  a t PSI a s e t  o f m uon spin  ro ta tio n  sp e c tra  w ere  
o b ta in e d  a t  e igh t tem p era tu re s  spanning  th e  liquid range o f th e  
m ix tu re . The tran sv erse  field  in use  w as 0.2 T. A se lec tio n  o f  th e  
frequency  dom ain sp e c tra  ob tained  by Fourier tra n sfo rm a tio n  o f 
th e  raw  (iSR h istog ram s are  show n in F igure 3.10. In each case  
th e  very s tro n g  peak co rrespond ing  to  m uons in d iam agnetic  
en v iro n m en ts  has been rem oved, and th e  tw o  signa ls  c h a ra c te r is tic  
o f a rad ical o f the  oc-muoxyalkyl type can be c learly  seen. The 
rad ica l observed  is w ith o u t d o u b t th e  2-m u o x y p ro p -2-y l rad ical, 
p rev iously  stud ied  in pure p ropan -2 -one. The qua lita tive  fe a tu re s
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Figure 3.10 F o u r ie r  t r a n s f o r m e d  [iSR s p e c t r a  o f  t h e  2 - m u o x y p r o p - 2 - y l
radica l  f o r m e d  in a 20:1 v o l /vo l  b inary  aq u e o u s  s o l u t io n  o f  p r o p a n - 2 - o n e .
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o f th e  sp e c tra  are  as b e fo re ; th e  coupling c o n s ta n t is sm all, i ts  
te m p e ra tu re  dependence  positive. However, a m ore  d e ta iled  
in v estig a tio n  o f the  r e s u l ts  reveals som e in te re s tin g  q u a n tita tiv e  
d iffe rences.
P ro p e rtie s  o f th e  sp e c tra  are  tab u la te d  in Table 3.4. A' is  found  
to  vary from  2.9 MHz a t  183 K to  8.9 MHz a t  323 K. A t a ll te m p e ra tu re s  
i t  is sm a lle r  th an  in pu re  p ro p an -2 -o n e . Figure 3.11 d isp lays g raph ica lly  
th e  varia tion  o f  A'^ w ith  tem p era tu re . A d is tin c t u pw ards c u rv a tu re  
is again a p p a ren t in th e  dependence. The am o u n t by w hich th e  reduced  
coup ling  c o n s ta n t is le ss  th an  th a t  ob tained  in pu re  p ro p a n -2-o n e  is 
v irtu a lly  tem p e ra tu re -in d e p e n d en t, being ab o u t 0.7 M Hz b o th  a t  room  
te m p e ra tu re  and a t  180 K.
In an a tte m p t to  gain som e in sig h t in to  th e  ro le  p layed  by hydrogen  
bonding  be tw een  m uonium  and th e  oxygen a to m s o f w a te r  m o lecu les  
su rro u n d in g  th e  rad ical, a d u p lica te  experim en t w as p e rfo rm ed  in w hich 
d 2o  w as s u b s ti tu te d  fo r  H 20 .  A lthough  no n e t chem ical bond  is a ssum ed  
to  be p re se n t be tw een  Mu and H 20  in any o f the  hyd rog en -b o n d ed  
s tru c tu re s , th e  physical p rox im ity  o f the  m uon to  th e  s ite  o f iso to p ic  
s u b s ti tu tio n  is su ffic ien tly  c lo se  th a t  a s tro n g e r in fluence  on th e  dynam ical 
behav iour o f  th e  rad ical m igh t be occasioned  th an  re s u lte d  fro m  d e u te ra tio n  
o f  th e  m ethyl g ro u p s o f p ro p an -2 -o n e  (se e  sec tio n  3.2.1).
To th is  end approx im ate ly  7.2 ml (5 .55g) o f p ro p an -2 -o n e  and 
app rox im ate ly  0.36 ml (0 .4 2 g )  o f D20  w ere com bined in a pSR sam ple  
p rep a ra tio n  fla sk  to  yield a sing le  liquid phase. Any d isso lved  gas  w as 
rem oved from  th e  m ix tu re  by th e  usual p rocedure , and th e  sam p le  
w as sealed  in to  a g lass  pSR bu lb  o f 25mm d iam eter. U nder a tra n sv e rse  
m agnetic  fie ld  o f 0.2 T th e  (iSR spectrum  of the  m ix tu re  w as reco rded  
a t  room  tem p e ra tu re  (296K ), y ielding a m u o n -e lec tro n  hyperfine coupling  
c o n s ta n t o f 23.74 MHz. The reduced  coupling c o n s ta n t A' is p lo tte d
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T able  3.4 F e a t u r e s  o f  t r a n s v e r s e  f i e l d  pSR s p e c t r a  o b t a i n e d  in a b in a r y  
so lu tio n  o f p ro p an -2 -o n e  and H20  in volum e ra tio  20:1. T em p era tu re s  
a re  in K, tra n s itio n  frequenc ies and coupling  c o n s ta n ts  in MHz.
T V12 V43
323.0 13.0745 41.2693 28.1948
303.0 14.7066 39.6879 24.9810
283.0 16.1403 38.3516 22.7369
263.0 17.7176 36.7153 18.9977
243.0 19.1447 35.2614 16.1167
223.0 20.5305 33.9127 13.3822
203.0 21.6843 32.7490 11.0647
183.0 22.5535 31.8314 9.2779
A ll tra n s itio n  frequenc ies  are  averaged over fo u r h is to g ram s. O n average 
4 x l0 7 even ts  w ere c o lle c te d  p e r tem p era tu re . T em p era tu re s  w ere  
c ry o s ta tica lly  m ain ta ined  to  +0.1 K. From  vD = 27.1937 M Hz th e  e x te rn a l 
f ie ld  w as de te rm ined  to  be 0.2006 T.
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Figure 3.11 A*u ag a in st T fo r the  2 -m u o x y p ro p -2 -y l rad ical fo rm ed  in 
a 20:1 v o l/v o l binary aqueous so lu tio n  o f  p ro p a n -2-o n e .
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in F igure  3.11 a long  w ith  those  obtained  from  the  20:1 binary  so lu tio n  
w ith  H20 .  I t  can be seen  th a t  w ithin th e  lim its  o f ex p erim en ta l e rro r  
th is  p o in t fa lls  e x ac tly  o n to  the tem p e ra tu re  dependence  curve o f the  
coup ling  c o n s ta n t ob ta in ed  w ith H20 . The co n c lu sio n  to  be draw n m u st 
th e re fo re  b e  th a t  a sm all change in the  m ass  and  v ib ra tiona l p ro p ertie s  
o f  th e  m olecu le  to  w hich the  s tro n g e s t  m uonium  b o n d s  occu r does 
n o t s ig n ifican tly  a f fe c t  th e  overall dynam ical b ehav iou r o f th e  m uonium - 
b o n d ed  param ag n e tic  com plex.
3.3.7 B arrier to  In te rn a l R otation.
U sing  th e  sam e value fo r IR, the  reduced  m o m en t o f  in e rtia  fo r 
in te rn a l ro ta tio n , as w as em ployed in th e  fo reg o in g  c a lcu la tio n  on the  
2 -m u o x y p ro p -2 -y l rad ica l in p ro p an -2 -o n e  (se e  se c tio n  3.2.1), and again 
co n sid e rin g  th e  equ ilib rium  to rs ional ang le  o f th e  rad ica l around  th e  
C -O  bond , &o , to  be tt/2 , th e  hyperfine coup ling  d a ta  ob ta ined  from  
th is  pSR ex p e rim en t w ere sub jec ted  to  analysis  in o rd e r  to  e x tra c t  the  
p o te n tia l b a rr ie r  to  in te rn a l ro ta tio n  fo r  th is  rad ica l in i ts  hydrogen- 
b onded  env ironm en t, to g e th e r  w ith  th e  p a ra m e te rs  A and B describ ing  
resp ec tiv e ly  th o se  com ponen ts  o f th e  coup ling  c o n s ta n t  independen t 
o f and  d ep en d en t upon th e  to rs ional ang le  y. The a ssu m p tio n  is m ade 
as b e fo re  th a t  only  a sing le  tw o fo ld  te rm  is req u ired  fo r  an adequate  
d e sc rip tio n  o f  th e  p o ten tia l. The re s u lts  fo llow .
V2 = 7037.0 J  m o l-1 
A = -76.73 MHz 
B = 259.3 MHz
In th e  aqueous env ironm en t the  e ffec tive  b a rr ie r  is, n o t su rp rising ly , 
co n sid e rab ly  la rg e r. In te rn a l ro ta tio n  around  th e  C -O  bond  is h indered  
b o th  by hydrogen  bonds betw een  the  rad ical oxygen  a tom  and th e  
hydrogen  a to m s o f su rround ing  w a te r m o lecu les  and by m uonium  bonds 
b e tw een  Mu and th e  oxygen a tom s from  th e  so lv a tio n  envelope in add ition
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to  th o se  m uonium  bonds already p re s e n t in pure  p ro p an -2 -o n e . I t is 
su rm ise d  th a t  the  decrease  in hyperfine coup ling  c o n s ta n ts  and  th e  
in crease  in the  b a rrie r  to  in te rn a l ro ta tio n  re la tiv e  to  th o se  in pu re  
p ro p a n -2-one, ra th e r  than  being r e s u l ts  o f a d irec t in fluence  upon  
sp in  d en sity  d is tr ib u tio n s  w ith in  th e  rad ica l ex e rted  by hydrogen  bonding , 
a rise  from  purely  dynam ical e ffe c ts , th ro u g h  th e  dam ping o f  th e  m u o n ’s 
lib ra tio n a l excursions by m eans o f in te rm o lec u la r  h y d rogen -bond ing  
in te ra c tio n s .
I t  shou ld  be n o ted  th a t  th e re  s ti l l  rem ains a conside rab le  d iffe ren ce  
b e tw e en  th e  coupling  c o n s ta n ts  and b a rr ie r  to  in te rnal ro ta tio n  fo u n d  
in th is  m ix tu re  and th o se  ob tained  in s tu d ie s  o f the  2-h y d ro x y p ro p -2-y l 
ra d ic a l119 . The e ffec t, in tram o lecu la r in i ts  na tu re , o f the  M u /H  iso to p ic  
m ass  ra tio  upon the  dynam ics o f  th e  rad ical is g rea te r  by sev era l o rd e rs  
o f  m agn itude  than  th a t  o f ex te rn a l, in te rm o lecu la r p ro cesses  su ch  as 
hydrogen  bonding.
3.3.8 T orsional E igenvalues and T h eo re tica l T em pera tu re-D ependence .
The eigenvalues of the  to rs io n a l H am ilton ian  co rrespond ing  to  th e  
so lu tio n  no ted  above are  lis ted  in T ab le  3.5, to g e th e r  w ith  th e  co rresp o n d in g  
va lues o f <cos2y> and ^A’^ X Again it  is no tew o rth y  th a t  only  one level, 
t h a t  w ith  i = 2, y ields a negative coup ling  c o n s ta n t. T hat a t  no te m p e ra tu re  
d o es  th e  popu la tion  o f th is  level in fluence  the  B oltzm ann d is tr ib u tio n  
su ff ic ie n tly  to  render the  overall coup ling  negative can be seen  from  
th e  th eo re tica l tem p era tu re -d ep en d en ce  curve, depicted  in F igu re  3.12.
The s m a lle s t n e t hyperfine coupling  is ob tained  a t a te m p e ra tu re  o f 
146K, w here A' = 2.54 MHz. At low  tem p e ra tu re s  A’^  ap p ro ach es 
<A’ti>1 = 10.2 MHz, w hile th e  high tem p e ra tu re  lim it is A + B /2  = 52.9 MHz.
In th e  range o f tem p era tu re  in w hich experim en ta l m easu rem en ts  w ere 
m ade th e  curve v irtually  p a ra lle ls  th a t  o b ta ined  from  pure p ro p a n -2-one, 
w ith  an average decrease in the  hyperfine coupling c o n s ta n t fro m  th e
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T able  3.5 T orsional eigenvalues fo r 2 -m u o xyprop -2 -y l rad icals in a 
20:1 v o l/v o l m ix tu re  o f p ro p an -2 -o n e  and H20 ,  to g e th e r  w ith  th e  
co rre sp o n d in g  ex p ec ta tio n  values o f cos2y and AV The eigenvalues 
a re  in J  m ol 1, the  reduced  coup ling  c o n s ta n ts  in M Hz.
i Ei <cos2y >. <A;>i
1 2908 0.33516 10.1745
2 4016 0.21019 -22.2288
3 7505 0.69785 104.2196
4 13024 0.46964 45.0457
5 13634 0.63414 87.7010
6 25214 0.51693 57.3075
7 25243 0.52927 60.5063
8 42014 0.51206 56.0440
9 42014 0.51240 56.1318
10 63628 0.50763 54.8956
11 63628 0.50763 54.8968
12 90053 0.50523 54.2738
13 90053 0.50523 54.2738
14 121295 0.50382 53.9077
15 121295 0.50382 53.9077
16 157337 0.50291 53.6719
17 157337 0.50291 53.6719
18 198226 0.51143 55.8820
19 198226 0.51143 55.8820
20 243879 0.51016 55.5528
21 243879 0.51016 55.5528
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Figure 3.12 C alcu la ted  varia tion  o f  A* w ith T fo r th e  2 -m u o x y p ro p -2 -y l 
radical in a 20:1 binary aqueous so lu tio n  o f  p ro p an -2-one.
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pure so lven t value o f 0.7 MHz. The sligh tly  b ro ad e r m inim um  ob tained  
in th e  case o f th e  m ix tu re  leads to  a g rea te r  c u rv a tu re  in th e  ex perim en ta l 
region. The te m p e ra tu re  a t  which th e  minimum o ccu rs  is v irtu a lly  iden tica l 
in each case.
3.3.9 R esu lts  from  O th e r  M ix tures o f P ropan -2 -one  and  W ater.
In o rd er th a t  th e  com position -dependence  o f th e  c o n fo rm a tio n a l 
dynam ics o f 2-m u o x y p ro p -2-yl rad ica ls  form ed in b inary  s o lu tio n s  o f 
p ro p a n -2-one  and  w a te r  be b e tte r  u n d ers to o d  i t  w as decided  th a t  
tra n sv e rse  fie ld  pSR experim en ts  shou ld  be conducted  upon  a s e t  o f 
m ix tu re s  spann ing  a range o f com positions, in each case  o b ta in ing  th e  
hyperfine coup ling  c o n s ta n t a t  a num ber of te m p e ra tu re s  p re fe rab ly  
com prehending  th e  en tire  liquid range  o f the  m ix tu re . Such ex p erim en ts
w ere  carried  o u t by M r. D. B u tta r  o f th is  group  a t  PSI du ring  th e
132D ecem ber 1988 beam  period  . The de ta ils  o f p rep ara tiv e  m eth o d  and 
experim en ta l co n fig u ra tio n  are m ateria lly  identical to  th o se  p rev iously  
described . The com p o sitio n s  o f th e  sam ples s tu d ied  w ere  (by  v o lum e) 
nom inally  100:1, 40:1, and 10:1. In each case th e  hyperfine coup ling  
c o n s ta n ts  ob ta ined  w ere sm all, positive a t a ll th e  te m p e ra tu re s  s tud ied , 
and  show ed a tem p e ra tu re  dependence w ith  a positive  te m p e ra tu re  
coeffic ien t. The d a ta  w ere sub jec ted  to  th eo re tica l ana ly sis  by th e  sam e 
m eans and w ith  th e  sam e a ssu m p tio n s  as before , and th e  r e s u l ts  o f 
th is  analysis are  p re se n ted  in Table 3.6. The key to  th e  ta b le  is as 
fo llo w s: A and B are  th e  hyperfine p aram eters  in eq u a tio n  (1.62), V2 
is a tw o fo ld  s ta t ic  p o ten tia l barrier to  in ternal ro ta tio n , T . and A’m m  {im in
are  the  co -o rd in a te s  o f th e  minimum in the  th eo re tic a l te m p e ra tu re  
dependence o f  th e  hyperfine coupling co n stan t, (A ’^  is th e  ex p ec ta tio n  
value o f the  hyperfine coupling correspond ing  to  the  lo w e s t to rs io n a l 
eigenvalue ( and re p re se n ts  the  m agnitude a t a b so lu te  ze ro  o f th e  
iso tro p ic  hyperfine c o u p lin g ) , and A + B /2  is the  lim iting  value o f the
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Table 3.6 P ro p e r tie s  o f  2 -m u o x y p ro p -2 -y l ra d ic a ls  fo rm e d  in b inary
132aqueous so lu tio n s  o f p ro p an -2-o n e  in various co m p o sitio n  
C o m p o sitio n s  are  by p ro p an -2 -o n e :w a ter volum e ra tio , tem p e ra tu re s  
in K, and  hyperfine  coupling p a ram ete rs  in MHz. The tw o fo ld  p o ten tia l 
b a rr ie r  to  in te rn a l ro ta tio n , V2, is e x p ressed  in J  m o l-1.
C o m position 100:1* 40:1 10:1
V2 4154 5296 7555
A -127.1 -95.50 -70 .44
B 339.0 285.0 246.7
T .mm 144 146 148
A*
t^min
-0.86 2.41 2.57
< V i
7.2 10.1 9.87
A + B /2 42.4 47.0 52.9
V alues o f Tm in , A’ . , and <A’ X
M-min t1 i
a re  derived fro m  ca lc u la tio n s  o f
A, B and V2 using  5 experim ental p o in ts . In a ll c a ses  ex c ep t th a t  m arked 
w ith  an a s te r is k  no change in th e  r e s u l ts  is o b ta in ed  by using  m ore 
p o in ts . In ca se  (* )  using 7 po in ts , th e  fo llow ing  r e s u l ts  w ere obtained:
V2 = 4196 J  m ol-1 , A =-125.7 MHz, B = 336.2 MHz, Tm in = 144 K, -0.31 MHz.
107
coup ling  c o n s ta n t a t high tem pera tu re . D iscussion  o f th e se  d a ta  is 
d e fe rre d  u n til th e  p re se n ta tio n  o f the  r e s u l ts  o f one final experim en t.
3.3.10 .A M ix tu re  o f P ropan-2 -one and W ate r in Volum e R atio  15:1.
A so lu tio n  o f volum e ra tio  approx im ate ly  15:1 o f p ro p an -2 -o n e  and 
w a te r  w as p rep ared  by mixing 30.0m l o f  p ro p an -2 -o n e  (A ld rich , high 
p u r ity )  w ith  2 .0 m l o f d is tilled  w a te r in a f la sk . A pprox im ately  20m l 
o f th e  m ix tu re  w as th en  tra n sfe rre d  to  a pSR sam p le  p rep a ra tio n  vessel, 
w here , u n d e r vacuum , it  w as sub jec ted  to  th e  d egassing  p rocedu re  
p rev iously  d escribed  in o rd er to  rem ove any d isso lved  oxygen, and 
su b se q u e n tly  sea led  in a g lass  pSR sam ple  b u lb  o f 35 mm diam eter.
U sing  a tra n sv e rse  fie ld  nom inally o f 0.2 te s la  a s e t  o f  pSR sp e c tra  
w ere  o b ta in ed  a severa l tem p era tu res  spann ing  the  liquid  range o f  the  
so lu tio n . ( T hese experim en ts  were pe rfo rm ed  a t  PSI, using  th e  pE4 
beam line , during  th e  M arch 1989 beam  p e rio d .)  Figure 3.13 show s several 
o f th e  F ou rie r tra n sfo rm ed  sp ec tra  a f te r  th e  rem oval o f the  d iam agnetic  
s igna l to  leave th e  c lear trace  o f an a -m u o x y a lk y l rad ical, in th is  case, 
as b e fo re , th e  2-m u o x y p ro p -2-y l rad ical, fo rm ed  by add ition  o f m uonium  
a t  th e  oxygen a to m  o f p ropan -2 -one. The fe a tu re s  are  superfic ia lly  
e x ac tly  as  b e fo re . A t all tem p era tu re s  a s ing le  rad ical is fo rm ed , having 
a sm a ll positive  m u o n -e lec tro n  hyperfine coup ling  c o n s ta n t w ith  a positive  
c o e ff ic ien t o f  tem p e ra tu re . The re su lts  a re  lis te d  in Table 3.7, and 
th e  te m p e ra tu re  dependence of the  hyperfine coup ling  c o n s ta n t is show n 
g raph ica lly  in Figure 3.14. Again, the  coup ling  c o n s ta n t is sm a lle r  a t 
a ll te m p e ra tu re s  th an  th a t  obtained in pure  p ro p an -2 -o n e . How ever, 
co m p ariso n  w ith  th e  re s u lts  o f the  20:1 p ro p a n -2- o n e /w a te r  experim en t 
rev ea ls  an o th e r, ra th e r  in te restin g , fea tu re : w hile  a t  te m p e ra tu re s  in 
th e  v icinity  o f room  tem p era tu re  the com position  dependence  o f th e  
hyperfine  coup ling  c o n s ta n t w ould seem  to  be described  by a sim ple 
dec rease  w ith  increasing  m ole frac tion  o f w a te r, a t  a ro u n d  220 K th ere
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Figure 3.13 Four ier  t r a n s f o r m e d  uSR s p e c t r a  o f  t h e  2 - m u o x y p r o p - 2 - y l  
radical  fo r m ed  in a 15:1 v o l /v o l  b inary  aq u e o u s  s o lu t io n  o f  p r o p a n - 2 - o n e .
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T ab le  3.7 R esu lts  o f tra n sv e rse  field  [iSR s tu d ie s  on a 15:1 v o lu m e /v o lu m e  
b inary  so lu tio n  o f p ro p an -2 -o n e  in w a te r. T em p era tu res  are  in K, tra n s it io n  
freq u en c ie s  and hyperfine coup lings in MHz.
T V12 V4 3 A’n
313.0 14.1261 40.6375 8.3283
291.0 15.8356 38.9002 7.2455
277.0 17.0322 37.7499 6.5082
269.0 17.3567 37.2958 6.2637
250.0 18.7882 35.9383 5.3875
233.0 19.8603 34.8159 4.6981
207.0 21.4122 33.2780 3.7275
193.0 22.1703 32.5268 3.2534
O n average 4 x l0 7 even ts w ere c o lle c te d  p e r  tem p era tu re . A ll tra n s it io n  
freq u en c ie s  are  averaged over fo u r  h is to g ram s. T em p era tu res  w ere  
c ry o s ta tic a lly  m aintained to  +0.1 K. From  vD = 27.37 MHz th e  e x te rn a l 
fie ld  w as ca lcu la ted  to  be 0.2015 T.
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Figure 3.14 A' against T fo r  the  2 -m uoxyprop-2 -y l radical in a 15:1 
vo l/vo i binary aqueous so lu tio n  o f p ro p a n -2-one.
Ill
appears to  be a c ro ssing  over be tw een  the  r e s u l ts  o b ta in ed  in the  20:1
so lu tio n  and th o se  from  th e  15:1 so lu tion , a lth o u g h  b o th  rem ain  w ell
below  th e  pu re  p ro p an -2 -o n e  values. C lo ser ex am in a tio n  o f th e  w ork 
132o f B u tta r  reveals  th is  behaviour in ye t m ore e x tre m e  fo rm  in th e  
10:1 case, w here  the  c ro ss in g  o ccu rs a t  a h igher te m p e ra tu re  (a ro u n d  
235 K ).
3.3.11 B arrier to  In te rn a l R otation.
W ith  th e  usual a ssu m p tio n  o f a tw o fo ld  p o te n tia l  b a rr ie r  to  in te rn a l 
ro ta tio n  around  th e  C -O  bond  in th e  2 -m u o x y p ro p -2 -y l rad ica l, tak ing  
th e  equ ilib rium  to rs io n a l angle  $0 to  be 7 c /2 , and again  using  th e  sam e 
value fo r  IR as in the  prev ious ca lcu la tions, th e  d a ta  o b ta in ed  from  
th is  pSR ex p erim en t w ere su b jec ted  to  the  s ta n d a rd  th e o re tic a l  analysis, 
th e  r e s u l ts  o f which are  as fo llow s.
V2 = 8817 J  m ol-1
A = -69.60 MHz
B = 263.0 MHz
The b a rr ie r  is la rg e r th an  in the  20:1 case ( a lth o u g h  a p p a re n tly  a lso  
la rg e r  th an  th a t  ob tained  from  B u tta r’s d a ta  fo r th e  10:1 case  — see 
th e  fo llow ing  se c tio n ) , c learly  ind icating  th e  e x is te n ce  o f  fu r th e r  n e t 
h indering  o f  th e  dynam ical behaviour o f the  rad ica l due  to  add itiona l 
w a te r  m o lecu les p re se n t in the  rad ica l’s so lva tion  env ironm en t.
3.3.12 D iscussion.
The values ob tained  fo r  a tw o fo ld  s ta tic  p o te n tia l b a rr ie r  to  in te rn a l
ro ta tio n  in th e  2-m u o x y p ro p -2-y l radical fo rm ed  in pu re  p ro p a n -2-one
and five b inary  aqueous so lu tio n s  o f p ro p an -2-o n e  a re  show n graph ically  
in F igure 3.15. The correspond ing  com position  dep en d en ces  o f  th e  hyperfine 
coup ling  p a ra m ete rs  A and B are i llu s tra te d  in F igu re  3.16. S lig h t anom alies 
e x is t in th e  behaviour o f th ese  q u an titie s  which m erit fu r th e r  considera tion . 
The genera l tren d  expected  in the  com position  dependence  o f V2 is
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Figure 3.15 C om position -dependence  o f  a  tw o fo ld  to rs io n a l b a rrie r  in
th e  2-m u o x y p ro p -2-yl radical fo rm ed  in binary aqueous so lu tio n s  o f 
p ro p a n -2-one.
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Figure 3.16 C om position -dependence  o f  th e  hyperfine  coup ling  p a ram ete rs  
A and B fo r th e  2-m uoxyprop-2-y l radical fo rm ed  in binary aqueous 
so lu tio n s  o f  p ro p an -2-one.
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a s tead y  increase  w ith the am oun t o f w a te r p re se n t, as a consequence  
o f th e  fo rm a tio n  o f add itional hydrogen  bonds to  th e  oxygen a tom  
o f th e  rad ical and m uonium  bonds to  the  oxygen a to m s o f  th e  su rro u n d in g  
w a te r  m olecu les. This behaviour is seen  to  be fo llo w ed  ex p erim en ta lly  
up to  a w a te r  c o n cen tra tio n  o f 1:15, w hereupon  the  c a lc u la te d  b a rr ie r  
d e c reases  fro m  8817 J  m ol 1 to  7555 J  m ol 1 fo r a 1:10 c o n c en tra tio n .
If th is  e f fe c t  has a genuine physical ( ra th e r  th an  n u m e r ic a l) o rig in  
i t  in d ica tes  th a t  a level o f com plex ity  as y e t unacco u n ted  fo r  e x is ts  
in th e  cau ses  o f th e  com position  dependence o f hydrogen  bond ing  e ffe c ts  
in b inary  m ix tu res . No evidence o f th e  anom alous n a tu re  o f  th is  r e s u l t  
can b e  seen  in th e  com position  dependences o f th e  hyperfine  p a ra m e te rs  
A and  B. R ather in th is  case  i t  is th e  1:100 r e s u l t  w hich show s a sm all 
dev ia tion  from  th e  overall behaviour p a tte rn , which is one o f  m u tu a lly  
co m p lem en tary  d ecrease  in the  a b so lu te  values o f b o th  A and B, tend ing  
a sy m p to tica lly  to w ard s  a so lu tio n  in th e  region o f A = -7 0  MHz, B = 240 MHz. 
W h e th e r a com position  dependence o f th e  "high te m p e ra tu re  lim it" 
given by A + B /2  is m eaningful, given th a t  a t  such  high te m p e ra tu re s  
d o u b tle s s  w eak in tram o lecu la r e ffe c ts  w ould  becom e co nside rab ly  le ss  
s ig n ifican t, is dubious, b u t the  behav iour o f th is  q u a n tity  p a ra lle ls  th a t  
o f  V2, varying from  40.63 MHz fo r  p u re  p ro p an -2 -o n e  th ro u g h  52.92 MHz 
fo r  th e  20:1 m ix tu re  to  61.90 MHz fo r  the  15:1 s itu a tio n , b e fo re  decreasing  
again  to  52.93 MHz in the  10:1 case.
Figure 3.17 show s the  tem p e ra tu re  dependence o f  th e  lin ew id th s  (A )  
o f th e  rad ical s igna ls  fo r the  th re e  cases o f pure  p ro p a n -2-o n e , 
p ro p a n -2 -o n e /w a te r  20:1, and p ro p a n -2 -o n e /w a te r  15:1. This q u a n tity  
( show n  here  in a rb itra ry  u n i t s ) is re la te d  to  m o lecu lar dynam ics, and 
is q u ite  com plex  in origin. How ever, in so fa r as the  linew id th  is n o t 
de te rm in ed  by fa c to rs  such as fie ld  inhom ogeneities o r te m p e ra tu re  
v a ria tio n s  over th e  tim esca le  o f th e  experim ent, it  o r ig in a te s  in spin
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Figure 3.17 T em p era tu re-dependence  o f  linew idth  A (in a rb itra ry  u n its )  
fo r the  2-m u o xyprop -2-yi radical fo rm ed  in p ro p an -2-o n e  and tw o  binary 
aqueous so lu tions  o f  p ro p a n -2-one.
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in te rac tio n s  a ris ing  th ro u g h  periodic s to c h a s tic  m o d u la tio n  o f m olecu lar 
m otions. W hile a large  and undeterm ined  random  e r ro r  does e x is t  
in th e  d is tr ib u tio n  o f th ese  experim en tal p o in ts , th e  p revailing  tren d  
in a ll th re e  d a ta  s e ts  is a s teep  decrease  in A up to  a ro u n d  240 K, 
a f te r  w hich p o in t i t  seem s there  is a sm all u p tu rn  in th e  values. This 
is in keeping  w ith  th e  behaviour described  by Lehni fo r  i-p ro p y lo l 
rad ica ls  and  acco u n ted  fo r th ro u g h  a change in th e  re la tiv e  im portance  
o f hyperfine a n iso tro p y  e ffe c ts  and sp in -ro ta tio n  in te ra c tio n s  as th e  
te m p e ra tu re  is increased . A lso no tew o rth y  is th e  f a c t  th a t  th e  e ffe c t 
o f th e  p resen ce  o f  H 20  upon the  dependence o f A on  T seem s to  be 
an upw ards s h if t  in th e  en tire  curve. This may be u n d e rs to o d  in a 
q u a lita tiv e  m an n er th ro u g h  an increase  in the  e ffe c tiv e  hydrodynam ic 
rad iu s  o f th e  rad ical, w hich a ffe c ts  b o th  th e  iso tro p ic  an g u la r  m om entum  
c o rre la tio n  tim e t j  ( defined in sec tio n  3.3.2 ) in th e  h igh  te m p e ra tu re  
reg ion  and th e  reo rien ta tio n a l c o rre la tio n  tim e t R ( w hich  again  in co rp o ra te s  
aQ and 7) in i t s  d e fin itio n )  a t  low er tem p e ra tu re s , b u t  th e se  e ffe c ts  
a re  to o  com plex  fo r  a q uan tita tive  analysis to  be p o ss ib le .
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C H A P T E R  4
Experimental Studies on Other ot-Muoxyalkyl Radicals.
4.1 General Introduction.
In add ition  to  the  com prehensive s tu d y  carried  o u t on m uonic rad ica ls  
fo rm e d  in p ro p a n -2-o n e  and various aqueous so lu tio n s  o f p ro p a n -2-o n e , 
d e sc rib ed  a t  len g th  in the  previous ch ap te r, in v es tig a tio n s  w ere  m ade 
o f various o th e r  s u b s tra te s  expected  to  g en e ra te  rad ica ls  o f  th e  a -m u o x y a lk y l 
type. The m otivations fo r  th e  exp erim en ts  w ere  various, ran g in g  fro m  
th e  s tu d y  o f  th e  e ffe c t o f induction  o f e le c tro n ic  charge  d en s ity  upon 
th e  iso tro p ic  hyperfine coupling c o n s ta n t to  th e  s tu d y  o f  com petitive  
m uonium  add ition  w here th e  p a re n t m o lecu le  co n ta in s  b o th  o lefin ic  
and  carbony l fu n ctionalities .
4.2 Muonic Radicals formed in l,l»l~trifluoropropan-2-one.
4.2.1. In tro d u c tio n
M uons im plan ted  in liquid l ,l ,l- tr if lu o ro p ro p a n -2 -o n e  are  expected , 
by analogy  w ith  o th e r  carbonyl com pounds, to  re a c t  w ith  th e  s u b s tra te  
by ad d itio n  a t  the  carbonyl oxygen a tom  to  fo rm  th e  2-m u o x y - l,l ,l-  
t r if lu o ro p ro p -2 -y l  radical (A).
CF3 Mu
\. /
(A) C-------- O
CH3
The p resen ce  o f th re e  e lec tro n eg a tiv e  flu o rin e  a to m s on one o f 
th e  m eth y l g roups w ill occasion a n e t w ithd raw al o f  e le c tro n ic  charge  
d en s ity  from  the  carbon atom  a t  w hich th e  rad ical c e n tre  is loca ted .
On a s im p lis tic  level, i t  m ight be expected  th a t  th is  in d u c tio n  o f  charge  
d e n s ity  be accom panied by a de lo ca lisa tio n  o f th e  unpaired  sp in  d en sity  
(n o tio n a lly  loca ted  in a 2p z o rb ita l a t  th e  rad ical c e n tre  ) a long  th e  
C -C F 3 bond  on to  the  carbon atom  o f th e  trif lu o ro m e th y l group , re su ltin g  
in a red u c tio n  bo th  in the  spin density  rem ain ing  on th e  rad ica l carbon  
a to m  and in th a t  delocalised  along  the  C -O  bond  o n to  th e  O a to m .
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If th is  w ere the  case, and the only in fluence  a t play, th e  overall e f fe c t  
w ou ld  be a d im inution  in the  value o f  th e  m u o n -e lec tro n  hyperfine 
co up ling  c o n s ta n t. However, the  iso tro p ic  hyperfine coup ling  c o n s ta n t, 
as m easu red  by tran sv e rse  field  m uon sp in  ro ta tio n  sp e c tro sc o p y  on 
sam p le s  in th e  liquid phase, is e ffec tive ly  a bu lk  p ro p e rty  in fluenced  
by in tra m o le c u la r  and in te rm o lecu la r dynam ical e ffe c ts . The in fluence  
o f  th e  in d uction  o f e lec tron ic  charge  by th e  th re e  f lu o rin e  a to m s upon  
th e  v ib ra tio n a l and to rs io n a l dynam ics o f  th e  O -M u g roup  is th e re fo re  
n o t so  easily  pred ic ted .
To d a te , no e lec tro n  spin reso n an ce  s tu d y  o f th e  an a logous 2 -h y d ro x y -
l ,l ,l - tr if lu o ro p ro p -2 -y l  radical has been  un d ertak en , so  a com parison  
b e tw e en  iso to p o m ers  o f the  type fam iliar from  th e  s tu d y  o f m uonic 
rad ica ls  fo rm ed  in e thene  and p ro p an -2 -o n e  w ill n o t be possib le .
4.2.2 E xperim en ta l
A sam p le  o f approx im ately  20m l o f 97% l,l ,l - tr if lu o ro p ro p a n -2 -o n e  
su p p lied  by A ldrich was degassed  using  th e  s ta n d a rd  p ro ced u re  and 
sea led  in to  a 35mm d iam eter g lass  pSR am poule. U sing the  pE4 beam line  
a t  PSI, and  under a tran sv erse ly  app lied  m agnetic  fie ld  o f ab o u t 0.2T, 
m uon sp in  ro ta tio n  sp e c tra  w ere ob ta in ed  a t  e ig h t c ry o s ta tica lly  m ain ta ined  
te m p e ra tu re s  spanning  the liquid range o f th e  com pound. The freq u en cy  
dom ain  s p e c tra  ob tained  by fou rie r tra n s fo rm a tio n  o f  th e  o rig inal pSR 
h is to g ra m s  show  th e  p resence o f ju s t  one param agnetic  species, a  rad ica l 
w ith  a sm all coupling  co n stan t. This is th e  2 -m u o x y - l,l ,l- tr if lu o ro p ro p -2 -y l  
rad ica l. As w ith  o th e r  oc-muoxyalkyl rad ica ls , th e  very s tro n g  signa l 
c o rre sp o n d in g  to  m uons in d iam agnetic  env ironm en ts fa l ls  be tw een  
th e  tw o  tra n s itio n  frequencies o f the  rad ical, ob scu ring  th e  sp e c tra .
F igure  4.1 show s a se lec tion  o f th e  fo u rie r- tra n s fo rm e d  sp e c tra  from  
w hich th e  d iam agnetic  signal has been  excised. The fam iliar te m p e ra tu re  
dependence , w ith  a positive tem p e ra tu re  coeffic ien t, can be seen . The
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4.1 Fourier tran sfo rm ed  iiSR sp e c tra  o f the  2 -m u o x y -l,l ,l- tr if lu o ro p ro p -2 -y l 
radical form ed in pure l , l , l - tr if lu o ro p ro p a n - 2- one.
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m easured  hyperfine coupling  c o n s ta n ts  appear in T ab le  4.1. A com parison  
o f the  coupling c o n s ta n t o f th e  2 -m u o x y -l,l ,l- tr if lu o ro p ro p -2 -y l rad ica l 
a t  room  tem p e ra tu re  ( see  Figure 4.2c ) w ith th a t  o f th e  2 -m uoxy- 
p ro p -2 -y l rad ical in pu re  p ro p an -2 -o n e  ( Figure 4.2b  ) o r an aqueous 
so lu tio n  o f p ro p an -2 -o n e  ( Figure 4.2 a ) reveals a so m ew h at la rg e r  
coupling  in th e  case o f th e  flu o rin e -co n ta in in g  rad ical ( A'^ is g re a te r  
by approx im ate ly  1.2 MHz ), c o n tra ry  to  p red ic tions m ade p u re ly  on 
th e  basis  o f  s ta t ic  inductive e ffe c ts . A qualita tive  chem ical in te rp re ta tio n  
o f the  observed  phenom enon  is as  fo llow s.
4.2.3 In te rp re ta tio n  o f th e  Inductive  E ffec t
The canonical bond s tru c tu re  conventionally  accep ted  to  re p re s e n t 
th e  s itu a tio n  in a-m uoxyalky l rad ica ls  ( by analogy w ith  th e ir  p ro tic  
iso to p o m ers  ) is dep ic ted  in Figure 4.3(a). However, in a m anner p a ra lle l
len g th  in C h ap te r 2, th e  sm all m ass o f Mu as com pared  to  H re s u l ts  
in a z e ro -p o in t v ib rational energy  which is h igher fo r  an O -M u bond  
th an  fo r an O -H  bond. This in tu rn  occasions a g re a te r  m ean in te rn u c le a r  
sep ara tio n  in th e  case o f th e  m uonic radical. It has been  n o ted  by R oduner
to w ard s d issoc iation , and on th e  basis  o f such an a rg u m e n t th e  canonical 
p ic tu re  show n in Figure 4.3(b) is here p u t fo rw ard  as c o n tr ib u tin g  m ore 
to w ard s the  n e t radical s tru c tu re  than  does the  an a logous a rra n g e m e n t 
o f bonds and e le c tro n s  in th e  a -hydroxyalky l iso topom er. In th e  case  
o f the  2 -m u o x y -l,l ,l- tr if lu o ro p ro p -2 -y l radical the highly  e lec tro n -w ith d raw in g
R2 R2
Figure 4.3
(a) (b)
O O
MuMu
to  th a t  prevailing in bo n d s to  carbon  a tom s and d isc u sse d  a t  som e
and Reid133 th a t  th e  leng then ing  o f a bond can be view ed as  one  s te p
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T able  4.1 R educed m u o n -e lec tro n  coupling c o n s ta n ts  o f 2 -m uoxy- 
l ,l ,l - t r i f lu o ro p ro p -2 -y l  rad icals  fo rm ed  in pure  l , l ,l - tr if lo ro p ro p a n -2 -o n e . 
T e m p era tu re s  are  in K, signal frequencies and hyperfine  coupling  c o n s ta n ts  
in MHz.
T V12 V43
296.0 11.6039 42.7265 9.7768
273.0 13.1298 41.1955 8.8165
253.0 14.5232 39.9027 7.9727
233.0 16.0010 38.6531 7.1159
225.0 16.6948 37.8019 6.6306
213.0 17.6102 38.8526 6.0448
203.0 18.1435 35.9773 5.6023
183.0* 19.8540 35.1523 4.8058
*7
On average 4x10 even ts  w ere co lle c te d  p e r te m p e ra tu re . From  
vD= 27.3 M Hz th e  ex te rn a l fie ld  is ca lc u la te d  to  be  0.201 T. The 
ex p e rim en ta l e rro r  on tem p e ra tu re  m easu rem en t is +0.1 K. The f it tin g  
e r ro r  on A’^  is +0.03 MHz.
*A t th is  te m p e ra tu re  th e  signa ls  w ere w eak, and  only  tw o  h is to g ram s 
w ere  su ff ic ie n tly  good  to  use in th e  fo u rie r  f it .
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Figure 4.2 Room  tem p e ra tu re  ( :^ 2% K ) sp e c tra  o f  (a) th e  2 -m uoxyprop- 
2-yl radical fo rm ed  in a 20:1 v o l/v o l binary aqueous so lu tio n  o f  p ropan- 
2-one, (b) th e  sam e radical in pure p ro p an -2 -o n e , and (c) th e  2-m uoxy-
l,l ,l- tr if lu o ro p ro p -2 -y l radical form ed in pure l,l,l~ triflu o ro p ro p an -2 -o n e .
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n a tu re  o f the  CF3 group s tab ilises  th e  C =0 double  bond and th e re fo re  
p ro m o te s  the  d isso c ia ted  s tru c tu re  (b). This a llow s th e  n e t sp in  d en s ity  
a t  Mu to  be increased  in tw o ways. F irs tly , th e  increased  c o n tr ib u tio n  
fro m  (b), in which the unpaired sp in  d en s ity  is c e n tred  upon th e  m uon, 
lead s  d irec tly  to  a higher m u o n -e lec tro n  coup ling  c o n s ta n t. Secondly , 
th e  lo n g er O -M u bond genera ted  th ro u g h  th is  inductive e f fe c t  a llo w s  
g re a te r  excursions o f the  m uon from  th e  nodal p lane  o f th e  2pz o rb ita l 
c e n tre d  upon th e  carbon a tom  w hich c o n ta in s  the  unpaired  sp in  d en s ity  
in s tru c tu re  (a) in to  reg ions o f space  w here  positive  overa ll e le c tro n ic  
sp in  d ensity  is encoun tered  by th e  Mu nucleus.
4.2.4 The Shape o f the  T em pera tu re  D ependence
The values taken  by th e  reduced  m u o n -e lec tro n  hyperfine coup ling  
c o n s ta n t  o f th e  2-m u o x y - l,l ,l- tr if lu o ro p ro p -2-y l rad ica l fo rm ed  in pu re  
liqu id  l , l , l - tr if lu o ro p ro p a n -2-o n e  a t  th e  various tem p e ra tu re s  o f ex p e rim en ta l 
m easu rem en t are show n graph ically  in F igure  4.4. The so lid  curve p assin g  
th ro u g h  the  experim ental p o in ts  is a s im ple  polynom ial le a s t-s q u a re s  f i t  
fo r  illu s tra tiv e  pu rposes and does n o t  re p re s e n t any th eo re tic a l in te rp re ta tio n . 
S im ilarly , th e  broken  curve lying b e lo w  th is  is a polynom ial le a s t- s q u a re s  
f i t  to  th e  pSR d a ta  ob tained  in pu re  p ro p an -2 -o n e . A q u a lita tiv e  d iffe ren ce  
b e tw een  th e  dependences may be seen . In th e  case o f th e  2 -m u o x y p ro p -2 -y l 
rad ica l the  curve show s the  s lig h t concav ity  c o n s is te n t w ith  th e  th e o re tic a l 
to rs io n a l eigenvalues ob tained  on th e  b as is  o f a tw o fo ld  p o te n tia l b a rr ie r  
to  in te rn a l ro ta tio n . The shape o f  th e  tem p e ra tu re  dependence curve 
fo r  th e  2-m u o x y - l,l ,l- tr if lu o ro p ro p -2-y l rad ical is ra th e r  m ore irreg u la r.
C learly  the  sym m etry  o f the  to rs io n a l b a rr ie r  is here reduced , if, indeed , 
th e  co n cep t o f  a sim ple periodic p o te n tia l b a rr ie r  to  in te rn a l ro ta t io n  
i ts e lf  re ta in s  any validity. E ffo r ts  w ere m ade to  f it th e  ex p erim en ta l 
d a ta  using a variety  o f sim ple and com pound  periodic p o ten tia l fu n c tio n s  
b u t  considera tion  o f th ese  w ill be d e fe rre d  un til th e  d iscu ssio n  o f th e
124
10. 0
9.5
9.0
ft. 5
N
X
s  , ,s
_  =L 
<
7.0
5.0
200 210 220 230 240 250 2*0 270 2ft0 290 300
T / K
F igure  4 .4  A* against T fo r  th e  2 -m u o x y - l,l ,l- tr if lu o ro p ro p -2 -y l radical 
in pure  l , l , l - tr if lu o ro p ro p a n -2 -o n e .
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origin  o f the  p o ten tia l b a rrie r  in the  a -m u o x y e th y l rad ica l ( sec tio n
4.3.4 ).
4.3 Muonic Radicals Formed in Ethanal.
4.3.1 In tro d u c tio n
W hen m uons a re  im p lan ted  in pure  liquid e th a n a l on ly  one  pa ram agne tic  
p ro d u c t is an tic ip a ted . This is th e  a -m u o x y e th y l rad ica l (B), fo rm a lly  
g e n e ra ted  by add ition  o f  an a tom  o f  m uonium  a t  th e  oxygen a to m  o f 
th e  carbonyl group .
CH 3
(B) / C — Ov
H Mu
The rad ical w as f i r s t  observed  a t  CERN in p relim inary  t e s t s  o f
th e ir  pSR ap p a ra tu s , and has been  s tu d ied  a t  room  te m p e ra tu re  by Rhodes 
123and c o -w o rk e rs  , fo rm ing  p a rt o f th e ir  genera l ca ta lo g u e  o f  room  
te m p e ra tu re  s tu d ie s  on m uonic rad ica ls  fo rm ed  in carbony l com pounds.
They m easu red  i ts  coup ling  c o n s ta n t to  be 23 MHz, w hich w hen scaled  
dow n by the  ra tio  o f  th e  p ro to n  and m uon angu lar m o m en ta  y ields 
A’^ = 7.2 MHz. The rad ical is s tru c tu ra lly  analogous to  th e  hydroxyethy l
69 113 114rad ical, m uch s tu d ie d  by ESR sp ec tro sco p y  ’ ’ , th e  m o s t re c e n t and
118defin itive  s tu d y  being by C irelli e t  alia . The hydroxylic p ro to n  coupling
TT
c o n s ta n t ( A H ) o f th is  radical a t  room  tem p e ra tu re  is to o  sm all 
to  be reso lved , b u t by in te rp o la tio n  using a linear f i t  to  th e  d a ta  of 
C irelli e t al. it  is e s tim a ted  to  be positive, and in th e  reg ion  o f  0.9 MHz. 
C learly  th e re  is a very large  iso tope  e ffe c t a t  w ork in th is  rad ical, 
having its  orig in  in th e  in fluence o f th e  iso to p ic  m ass ra t io  M u /H  upon 
in tram o lecu la r dynam ics, and in p a rticu la r  upon large am p litu d e  in te rn a l 
m o tions which a ffe c t th e  position  o f the  m uon o r p ro to n  re la tiv e  to  
th e  rad ical cen tre . As in the  exam ples prev iously  considered , th e  main 
iso to p e  e ffe c t is likely to  s tem  from  in te rn a l ro ta tio n  a ro u n d  th e  C -O
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bond, fo r which m otion  the  reduced m om ent o f in e rtia  is nine tim es 
sm a lle r  in the  m uonic case  th an  in the  p ro ton ic .
In the  sam e paper C irelli e t  al. c ite  a value o f 2.80 MHz fo r  AO H  in
H
th e  1 -hyd ro x y -l-m eth y le th y l ( o r 2 -hyd roxyp rop -2 -y l ) rad ica l, d e te rm in ed  
u nder sim ilar exp erim en ta l cond itions. The room  te m p e ra tu re  m uon 
coup ling  c o n s ta n ts  in th e  co rrespond ing  m uonic rad ica ls  show  a d iffe ren ce  
w hich is in th e  sam e d irec tio n  and qu an tita tiv e ly  a lm o s t id en tica l123.
A te n ta tiv e  ex p lan a tio n  fo r  th is  phenom enon m ig h t be  s o u g h t in a rg u m en ts  
p e rta in in g  to  th e  re la tiv e  capacities  of an a -p ro to n  and an a -m e th y l 
g ro u p  to  s tab ilise  unpaired  sp in  density  a t  a carbon  rad ica l c e n tre , 
or, d iffe re n tly  pu t, to  re le ase  spin density  th ro u g h  space  o r th ro u g h  
th e  C -O  bond, e ith e r  co n co m itan tly  w ith  o r in d ependen tly  o f  a re le a se  
o f charge  density , b u t  such  considera tions  w ill be d e fe rre d  u n til a f te r  
th e  p re se n ta tio n  o f ab in itio  r e s u l ts  in C h ap te r 5.
In a com plem en tary  s tu d y  using ab initio  co n fig u ra tio n  in te ra c tio n  
ca lcu la tio n s , again in th e  sam e paper, C irelli e t  al. a t te m p t  to  o b ta in  
a f i t  to  th e ir  ESR d a ta  using  em ploying hyperfine coup ling  c o n s ta n ts  
ca lc u la te d  w ith in  a m odel having fin ite  deg rees o f  freedom  fo r  in te rn a l 
ro ta tio n  o f th e  hydroxyl g roup  and inversion a t  th e  a -c a rb o n  ce n tre .
The lim ited  su ccess  o f th ese  ca lcu la tio n s  ind ica tes th e  p o o r efficiency  
o f th e  ab initio  m ethod  in reproducing  bu lk  p ro p e r tie s  d ep e n d en t on th e  
in tra m o lec u la r  dynam ics o f a large  ensem ble o f  m olecu les.
4.3.2 E xperim ental
A pproxim ately  20m l o f A ldrich "Gold Label" s ta n d a rd  e th a n a l, deg assed  
by th e  s ta n d a rd  p rocedure , w as sealed  in to  a 35mm d iam e te r g la s s  pSR 
bu lb . M uon spin ro ta tio n  sp e c tra  w ere ob tained  a t  six  te m p e ra tu re s  
rang ing  from  176K to  288K under a tran sv e rse  fie ld  nom inally  o f 0 .2 T. 
F igure  4.5 show s som e o f th e  frequency dom ain sp e c tra  th u s  ob ta ined .
In each case the  signal co rrespond ing  to  m uons in d iam agnetic  env ironm en ts
127
2 8 9  K
2 6 6  K
2 2 7  K
15 20 25 3010 35 40 45
FREQUENCY (MHZ)
Figure 4.5 Fourier tran sfo rm ed  tiSR sp e c tra  o f  th e  m uoxyethyl radical 
fo rm ed  in pure e thanal.
1 2 8
has been  rem oved, leaving the pair o f peaks c h a ra c te r is tic  o f a m uonic 
rad ica l o f th e  a-m uoxyalky l type. This is th e  m uoxyethy l rad ical, CH3CHOMU, 
th e  only pa ram agne tic  species d e te c te d  in th is  s u b s tra te . A t a ll te m p e ra tu re s  
s tu d ie d  it  show s a coupling c o n s ta n t s lig h tly  sm a lle r  than  does the 
2 -m u o x y p ro p -2 -y l radical form ed in pu re  p ro p an -2 -o n e . The values o f 
A'^ a t  th e  te m p e ra tu re s  o f experim ental m ea su rem e n t are  c o llec ted  
in T ab le  4.2. The low value of the  coupling  c o n s ta n t  and th e  positive  
c o e ff ic ien t o f tem p e ra tu re  in the  te m p e ra tu re -d ep e n d e n c e  ind ica te  m ean 
rad ica l g eo m etrie s  com parable  w ith  th o se  o f th e  2-m u o x y p ro p -2-yl 
rad ica l a t  a ll tem p era tu re s . In o th e r  w ords, from  a n e a r-p la n a r  co n fo rm atio n  
o f  m inim um  e lec tro n ic  energy, lib ra tional e x c u rs io n s  o f Mu in exc ited  
to rs io n a l s ta te s  lead  to  a n e t angle o f in te rn a l ro ta tio n  d iffe re n t from  
7U/2 and  d ep en d en t on tem pera tu re .
4.3.3 The Shape o f the  T em peratu re  D ependence
A p lo t  o f  A’ aga in st T fo r the  m uoxyethy l rad ica l fo rm ed  in pure  
e th a n a l is show n in Figure 4.6. The so lid  curve is a polynom ial le a s t-  
sq u a re s  f i t  serv ing  only as a visual guide. A s lig h t concavity  s im ilar 
to  th a t  o bserved  fo r the  2-m u o x y p ro p -2-y l rad ica l as fo rm ed  b o th  in 
pu re  p ro p a n -2-o n e  and in binary aqueous so lu tio n s  o f  p ro p a n -2-o n e  
is c lea rly  p re se n t. However, due to  a lessen in g  in th e  m axim um  p o ssib le  
sym m etry  o f  th is  radical com pared to  2-m u o x y p ro p -2-y l, th e  p o ten tia l 
b a rr ie r  h indering  in te rnal ro ta tio n  in th is  rad ica l can p a te n tly  n o t be 
a c cu ra te ly  rep re sen te d  by a single te rm  o f  period  71. Term s o f period  
27C m u s t o f necessity  e n te r  the  reckoning, and m ay indeed p redom inate  
in th e ir  e ffe c t.
U nder th e  assum ption  th a t  desp ite  the  low ering  in sym m etry  the  
re la tio n  o f H e lle r and M cConnell (eq u a tio n  1.48) s ti l l  d escribes  the  
dependence  o f th e  hyperfine coupling c o n s ta n t upon th e  in te rn al ro ta tio n  
co o rd in a te  to  an accep tab le  level o f accuracy, a t te m p ts  w ere m ade to
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T ab le  4.2 Reduced m u o n -e lec tro n  hyperfine  coupling  c o n s ta n ts  o f a -  
m uoxyethyl rad ica ls  form ed in pu re  liqu id  e thana l. T em p era tu res  are  
in K, signal frequencies and  hyperfine  coup ling  c o n s ta n ts  in MHz.
T V12 v43
288.0 16.5003 38.2124 6.8206
266.0 17.8716 36.7926 5.9438
245.0 19.1127 35.6034 5.1804
227.0 20.1240 34.4447 4.4986
203.0 21.2653 33.2104 3.7524
176.0 22.8175 31.8375 2.8335
•7
A t le a s t  5x10 even ts  w ere c o lle c te d  p e r tem p e ra tu re . The s tre n g th  
o f  th e  e x te rn a l m agnetic  field , c a lc u la te d  from  vD= 27.35 MHz, w as 
0.2018 T. The experim en tal e rro r  on  th e  m easu red  values o f T  is +0-1K. 
The f it tin g  e rro r  on A’^  is +<X03 M Hz.
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F igure  4.6 A’^  ag a in st T fo r th e  m uoxyethyl radical fo rm ed  in pu re  
e th an a l.
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f it  th e  hyperfine coup ling  da ta  to  sim ple  to rs io n a l p o te n tia l  fu n c tio n s  
o f period  ft and 2TC, and to  a com pound function  c o n ta in in g  te rm s  o f 
b o th  onefo ld  and tw o fo ld  sym m etry  in th e  to rs io n a l c o o rd in a te . The 
reduced  m om ent o f  in e rtia  fo r in te rn a l ro ta tio n  a ro u n d  th e  C -O  
in te rn u c le a r  axis, d en o ted  by IR, w as ca lcu la ted  using  a rad ica l geom etry  
derived  from  an ab in itio  ca lcu la tion  ( to  be describ ed  in C h a p te r  5), 
and  found to  have a value o f 1.469xl0-4 8  k g m 2 . I t  is a 
fu r th e r  cond ition  o f  th e  m odel th a t  th e  to rs io n a l p o te n t ia l  m inim um  
o cc u rs  a t  a g eo m etry  such  th a t  = ft/2  (see  Figure 4.7). This is th e  
a ssu m p tio n  genera lly  m ade in considera tion  o f species o f  th is  type 
(o n  th e  basis  o f  th e  sign  o f  cDA'^/dT in m uonic rad ica ls  , o r  o f  c)A °^/c)T 
in th e ir  hydrogenic ana logues ), and is th a t  used  in th e  ca se  o f  th e  
2 -m u o x y -p ro p -2 -y l rad ical in C hap te r 3. (H ow ever, q u a n tu m  m echanical 
c a lc u la tio n s  such  as th o se  to  be p rese n ted  in C h a p te r  5 in d ica te  th e  
op tim um  SCF g eom etry  o f a -hydroxyalky l rad icals  in th e ir  e le c tro n ic  
g ro u n d  s ta te  to  be o f  Cj sym m etry , w ith  a n o n -p la n a r  rad ica l cen tre , 
and  conseq u en tly  th e  b a rr ie r  ca lcu la tio n s  th a t  fo llo w  m u s t be  regarded  
as accu ra te  only  to  a  f ir s t  degree o f  ap p ro x im atio n .)
Figure 4.7 ,
i
A New m an P ro jec tio n  o f  th e  
con fo rm ation  o f  th e  m uoxyethy l 
rad ical c o rre sp o n d in g  to  th e  m inim um  
( in the  to rs io n a l p o te n t ia l  function .
W ith  a p o te n tia l fu n c tio n  co n sis tin g  o f a sing le  v a riab le  te rm  onefo ld  
in y , th e  fo llow ing  r e s u l ts  w ere obtained .
Vj = 13432 J m o l" 1 
A = -31.1 MHz 
B = 108.6 MHz
e=TT/2
Me
132
U sing a purely  tw o fo ld  re p re se n ta tio n  o f th e  p o te n tia l b a rr ie r  to  
in te rn a l ro ta tio n  th e  fo llow ing  so lu tio n  ensued.
V2 = 2972 J  m ol-1 
A = -117.4 MHz 
B = 298.4 MHz
W ith  th e  b a rr ie r  view ed as a  com bination  o f  and  V2 te rm s  th e  
so lu tio n  ob ta ined  w as as fo llo w s.
Vt = 3405 J  m ol-1 
V2 = 11044 J  m ol-1 
A = -39.9 MHz 
B = 153.2 MHz
4.3.4 The O rigin o f th e  B arrier
The b a rr ie rs  to  in te rn a l ro ta tio n  in a -hydroxyalky l ra d ic a ls  and 
th e ir  m uonic iso to p o m ers  can be concep tua lly  decom posed  in to  tw o  
c o n tr ib u tio n s . The f i r s t  o f  th e se  o rig ina tes  in th e  b reak d o w n  o f  tc- 
con jugation  as th e  lib ra tio n a l m o tions o f H or Mu b ring  it  o u t  o f 
th e  nodal p lane o f th e  rad ical 7 i-system , and is e s se n tia lly  tw o fo ld  
in y. The second  c o n trib u tio n , which can be considered  to  c o n s is t  o f 
a large  positive  te rm  onefo ld  in y, to g e th e r  w ith  a sm a lle r  nega tive  
tw o fo ld  te rm , describes th e  " s te ric  in te rfe rence"  w hich o c c u rs  w hen 
th e  e lec tro n ic  charge c loud  a sso c ia ted  (in  th is  case ) w ith  Mu in te ra c ts  
w ith  th a t  su rround ing  the  m ethy l p ro to n s . (T his is rou g h ly  eq u iv a len t 
to  a d estab ilis in g  vicinal b o n d -o rb ita l in te rac tio n .)  O f th e  c a lc u la tio n s  
d escribed  above, the  one which (by a sm all m argin) achieved th e  c lo s e s t  
f i t  to  th e  experim en tal d a ta  w as th a t  using th e  com pound  b a rr ie r . The 
re su ltin g  Vj and V2 te rm s  ind ica te  th a t  th e  p ro ce sse s  o f  d is in te g ra tio n  
and rec o n s titu tio n  o f th e  7r-system  dom inate  the  b a rr ie r  to  in te rn a l 
ro ta tio n . The s itu a tio n  is show n in Figure 4.8.
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Figure 4 .8  C om pound to rs ional b a rrie r  in CH3CH O M u c o n sis tin g  o f 
o n e fo ld  and  tw o fo ld  te rm s.
If  th e  tw o - te rm  m odel o f th e  b a rrie r  in th e  m uoxyethy l rad ical 
is indeed  th e  m o st appropria te  one, a com parison  o f  th e  r e s u l t  w ith  
th e  tw o fo ld  b a rr ie r  ob tained  from  analysis o f  th e  d a ta  fo r  th e  2 -m uoxy- 
p ro p -2 -y l rad ica l in pure p rop an -2 -o n e  lends so m e fu r th e r  illum ination  
to  th e  ba lan ce  o f p ro cesses  a t  w ork in de te rm in in g  th e  shape  o f  th e  
to rs io n a l p o te n tia l function . In the  2 -m u o x y p ro p -2 -y l rad ica l th e  s te r ic  
co n tr ib u tio n  to  th e  barrier, in i ts  s im p les t fo rm , m ay be app rox im ated  
by a tw o fo ld  te rm  w ith  its  minimum a t  #=0, th a t  is to  say, o u t  o f 
p h ase  w ith  th e  main po ten tia l te rm  by tt/ 2. The e f fe c t  o f th is  te rm  
is to  d ec rease  the  overall barrier, which rem ains p u re ly  tw o fo ld  in na tu re , 
by ra is in g  th e  energ ies of the  p o ten tia l m inim a.
R econsidera tion  o f the  da ta  perta in ing  to  th e  l ,l ,l - tr if lu o ro -2 -m u o x y -  
p ro p -2 -y l rad ical gives fu rth e r  credence to  th is  a rg u m e n t. A f i t  to  the  
ex p e rim en ta l p o in ts  using a purely onefo ld  p o te n tia l  b a rr ie r  y ields the
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fo llow ing  re s u l ts .
A = -41.43 MHz
B = 121.6 MHz 
Vj= 7825 J m o l' 1
W ith  a  com b ina tion  po ten tia l com prising  b o th  Vt and  V2 te rm s  
th e  re su ltin g  converged  values o f  A, B, Vj, and  V2 a re  as fo llow s:
A = -54.32 MHz 
B = 135.3 MHz 
Vj= 16146 J m o l-1 
V2 = -6267 J m o l" 1.
The b a lan ce  o f  and V2 te rm s, to g e th e r  w ith  th e  f a c t  th a t  V2 
is o f  negative  sign , ind ica tes th a t in th is  in s ta n c e  th e  b a rr ie r  to  in te rn a l 
ro ta tio n  is d o m in a ted  by nonbonded "ste ric"  in te ra c tio n s  be tw een  Mu 
and  th e  f lu o rin e  a to m s o f the  CF3 group . If th is  in te rp re ta tio n  o f th e  
c a lcu la ted  b a rr ie r  d a ta  is co rre c t i t  is rem ark ab le  in th e  lig h t o f  th e  
e a rlie r  co m m en t th a t  the  inductive e f fe c t  o f  th e  CF3 g ro u p  seem s to  
s ta b ilise  th e  7t-s y s te m  of the  C -O  bond.
4.4 Muonic Radicals formed in Hexane-2,5-dione.
4.4.1 In tro d u c tio n
H exane-2 ,5 -d ione, o r acetony lacetone , a y -d ik e to n e , is a liquid a t 
room  te m p e ra tu re  which freezes a t  268 K and bo ils  a t  464 K. On im p lan ta tio n  
o f positive  m uons in to  a sam ple o f h e x a n e -2 ,5 -d ione a s in g le  param agnetic  
p ro d u c t is an tic ip a ted . This is th e  2 -m u o x y h e x a n -5 -o n -2 -y l rad ical (C ), 
fo rm ed  by n e t add ition  o f an a tom  o f  m uonium  to  th e  oxygen a tom  
o f  e ith e r  one o f  th e  carbonyl g roups in th e  s u b s tr a te  m olecu le . This 
rad ical is su b je c t to  m ore com plex in tra m o lec u la r  dynam ics th an  are
M U ^ q
(C )
0
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any o f th o se  previously  stud ied . A lth o u g h  any e lec tro n ic  inductive 
e f fe c t  o f th e  y -carbony l g roup w ill be  very s lig h t, i t  is p ossib le , by 
reo r ie n ta tio n  o f th e  flex ib le  b u ta n -3 -o n - l-y l  m oiety, to  fo rm  s tru c tu re s  
such  as (D ), a seven-m em bered  ring  con ta in ing  a sym m etrica l in tra m o lec u la r  
m uonium  bond . The influence o f  su ch  p ro ce sse s  on th e  m u o n -e le c tro n  
hyperfine  coupling  c o n s ta n t and i ts  varia tion  w ith  te m p e ra tu re  rem ains 
to  be  e s tab lish ed . M u.
(D )
4.4.2 E xperim enta l
A pprox im ately  20 ml o f hexan -2 ,5 -d ione  o f th e  h ig h es t g rade  su p p lied  
by A ldrich  (nom inally  97% p u re ) , d eg assed  using th e  s ta n d a rd  p rocedu re , 
w as sea led  in to  a 35 mm d iam ete r g la s s  pSR sam ple  bu lb . U nder an 
app lied  fie ld  o f 0.2 T pSR h is to g ram s w ere ob tained  a t  five c ry o s ta tica lly  
c o n tro lle d  tem p era tu re s  ranging from  270 K to  393 K. The Fourier pow er 
sp e c tra  ob tained  by tra n sfo rm a tio n  o f th ese  in to  the  frequency  dom ain 
are  show n in Figure 4.9. In each case, as usual, th e  signal co rrespond ing  
to  d iam agnetic  m uons has been su b tra c te d . The rem ain ing  pair o f peaks 
p re s e n t  in each spectrum  sign ifies th e  p resence  o f a s ing le  rad ical species, 
id en tified  as (C ). The coupling c o n s ta n t  show s the  sm all a b so lu te  value 
and  increase  w ith  tem p era tu re  c h a ra c te r is tic  o f an oc-muoxyalkyl rad ical 
in w hich $Q= 7T/2. The num erical va lues o f the  p recessio n  frequenc ies 
and  coup ling  c o n s ta n t are ta b u la te d  in Table 4.3. For te m p e ra tu re s  
over which th e  liquid ranges o f 2 ,5-hexanedione and p ro p an -2 -o n e  overlap , 
th e  coup ling  c o n s ta n ts  o f the  rad ica ls  fo rm ed  in th e  tw o  liqu ids are 
nearly  iden tica l, th a t  o f the  2 -m u o x y h ex an -5 -o n -2 -y l rad ical being 
co n s is te n tly  ju s t  a l i t t le  g rea te r. The ra tio n a lisa tio n  o f th is  e ffe c t can 
p ro ceed  along  lines o f argum en t s im ila r to  th o se  em ployed in th e  case
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270 K
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4.9 Four i e r  t r a n s f o r m e d  uSR s p e c t r a  f o r  t h e  2 - m u o x y h e x a n - 5 - o n - 2 - y l  
radica l  fo r m e d  in pure  2 ,5 -hexanedi on e.
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T ab le  4.3 T ransition  frequenc ies and m u o n -e lec tro n  hyperfine  coup ling  
c o n s ta n ts  o f 2 -m u o x y h ex an -5 -o n -2 -y l rad icals fo rm ed  in pu re  liquid  
hexane-2 ,5 -d ione . T em p era tu res  are in K, signal frequenc ies and coup ling  
c o n s ta n ts  in MHz.
T V12 V43 a ;
393.0 6.8778 48.0039 12.9193
353.0 9.8182 45.0267 11.0604
318.5 12.2491 42.6190 9.5404
294.0 13.7337 41.0404 8.5781
270.0 15.5569 39.2182 7.4329
A pprox im ately  5x l07 even ts  w ere co lle c te d  per tem p e ra tu re . F rom  
vD= 27.36 MHz, th e  s tr e n g th  o f th e  tra n sv e rse  m agnetic  fie ld  is 
c a lc u la te d  to  be 0.2019 T. The experim en ta l e rro r  on th e  m easu red  
T values is +0.1 K. The f it tin g  e rro r  on  A'^ is j*003 MHz.
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o f the  2 -m u o x y -l,l ,l- tr if lu o ro p ro p -2 -y l rad ical. The e le c tro n -w ith d ra w in g  
in fluence  o f  alkyl g roups varies in the  d irec tio n  P r1> E t> M e , and th is  
fac t, to g e th e r  w ith  the  p resence of the  carbony l g ro u p  in th e  y -p o sitio n  
re la tiv e  to  th e  rad ical C atom , leads to  th e  s ta b ilis a tio n  o f  7r-e lec tro n ic  
c h a ra c te r  in th e  C -O  bond, th a t is to  say, o f  a  p la n a r  rad ical cen tre  
w ith  a s h o r t  CO bond and increased sp in  d en s ity  on Mu. C learly , the  
induction  o f  e le c tro n ic  charge caused by th e  b u ta n -3 -o n - l -y l  m oiety 
in th is  in s ta n c e  is considerably  less th an  th a t  o ccas io n ed  by th e  
tr if lu o ro m e th y l g roup  in the  case o f l , l , l - tr if lu o ro p ro p a n -2 -o n e .
4.4.3 The Shape o f the  T em perature D ependence
In the  cases  th a t  have gone befo re  i t  has been  th e  ru le  to  analyse
and d iscu ss  th e  tem p e ra tu re  dependence o f th e  m u o n -e le c tro n  hyperfine
coup ling  c o n s ta n t  in te rm s  o f the  co n fo rm atio n a l dynam ics o f the  rad ical
concerned , w ith  p a rticu la r  regard  to  th e  shape  and  o rig in s  o f th e  b a rrie r
to  in te rn a l ro ta tio n  around the  C -O  bond. In som e in s ta n c e s  i t  has
even been  p o ss ib le  to  add ress the  p rob lem  q u a n tita tiv e ly . H ere, however,
th e  re la tive ly  large  size o f the m olecule leads to  a com p lex ity  o f in te rn a l
m o tion  w hich ren d e rs  de ta iled  analysis d iff ic u lt. Indeed, th e  flex ib ility
o f th e  b u ta n -3 -o n - l-y l  m oiety leads to  d iff ic u ltie s  in e s tim a tin g  a reduced
m om en t o f in e rtia  fo r  in ternal ro ta tio n . U sing (C ) as a re fe ren ce  con fo rm ation ,
and w ith  b o n d  len g th s  and bond ang les e s tim a te d  using  values tab u la te d
134in th e  l i te ra tu re  fo r sim ilar com pounds , IR is c a lc u la te d  to  be in 
th e  reg ion  o f  1.65x10 4 7 k g m 2.
The re la tio n sh ip  betw een A’^  and te m p e ra tu re  fo r  th e  2 -m uoxy- 
h e x a n -5 -o n -2 -y l rad ical in pure 2 ,5 -hexanedione is show n  g raph ically  
in F igure 4.10. No c lea r nonlinearity  in th e  dependence  can be  seen 
from  the  five experim en tal po in ts. The b e s t - f i t  s tr a ig h t  line th ro u g h  
th e  d a ta  p o in ts , ind icated  on the graph  by a so lid  line, is given by 
A' = -4 .44  + 0 .0440T  (4.1).
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Figure 4.10 A’ a g a in s t T fo r  th e  2 -m u o x y h ex an -5 -o n -2 -y l rad ical form ed 
in pu re  2 ,5-hexanedione.
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By analogy w ith  the th eo re tica l so lu tio n s  ob tained  fo r  th e  2 -m uoxy- 
p ro p -2 -y l rad ical it  may be said, if such  a m odel is a p p ro p ria te  fo r  
th is  rad ical a lso , th a t  in the  range  o f tem p e ra tu re  o f ex p e rim en ta l 
m easu rem en t a local regim e of app rox im ate  linearity  p rev a ils  in th e  
curve o f th e  tem p era tu re  dependence o f  th e  hyperfine co up ling  c o n s ta n t.
A lthough  i t  is n o t in tended  th a t  th e  r e s u lts  sho u ld  be  in te rp re te d  
as having q u an tita tiv e  significance, an analysis o f the  ex p e rim e n ta l d a ta  
w ith in  th e  su p p o sitio n s  o f the  u sua l m odel w as un d ertak en , and  the  
re su ltin g  op tim um  values o f A, B, Vt , and  V2 th u s  o b ta in ed  a re  p re se n te d  
in T ab le  4.4. (A, B /  MHz, Vt , V ^ J m o l -1. )
T ab le  4.4
m odel A B Vi V2
Vj only -32.3 142.5 19796
V2 only -42.3 193.9 9788
V + VVI 2 -58.5 250.1 96651 -28481
As in th e  case  o f l ,l,l- tr if lu o ro p ro p a n -2 -o n e , the  b e s t  f i t  to  th e  
d a ta  is ob tained  using th e  com pound b a rr ie r  con tain ing  b o th  Vj and 
V2 te rm s , su g g estin g  th a t  th e  b a rr ie r  to  in te rn a l ro ta tio n  in th is  rad ical 
is largely  "steric"  in origin.
4 .4 .4  An In te re s tin g  C om parison
I t  is illum inating  to  com pare th e  experim en tal evidence p re se n te d  
above w ith  re s u l ts  ob tained  from  pSR s tu d ie s  on (3-diketones such  as
1 9Apen tan e-2 ,5 -d io n e  . In the  la t te r  case  no param agnetic  sp ec ie s  are  
seen , w hereas in th e  fo rm er th e  rad ica l signals  are as c le a r  and s tro n g  
as th o se  found in p ropan -2 -one.
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A possib le  exp lana tion  fo r th is  d isp a rity  lies in the  p h enom enon  
o f k e to -e n o l tau to m erism , w here an equ ilib rium  ex is ts  in th e  com pound  
b e tw een  th e  keto  form  ( i ) a n d  th e  isom eric  enol (ii), p ro d u ced  by n e t 
tra n s fe re n c e  o f an a tom  o f hydrogen from  an a -c a rb o n  a to m  to  th e  
oxygen a tom  of the  carbonyl group.
OH
f t  ^  " "  !
Rf ^ ch2- ^  Ri
In p -d ike tones th is  equilibrium  lies considerab ly  fu r th e r  to  th e  
r ig h t th an  in m onoketones, due to  the  increased  acidity  o f  th e  oc-H.
T he absence  o f pa ram agne tic  m uon s ta te s  in p -d ike tones  m ay o rig in a te  
in th e  trapp ing  o f m uons in h y d ro x o n iu m -lik e  ca tions o f th e  fo rm  (E ) 
over th e  tim escale  o f th e  [iSR experim en t.
y  o
IE) J  | |
CH3 ^ C H - ^  ^ c H g  
4.5 Muonic Radicals formed in But-2-enal.
4.5.1 In troduction .
B u t-2 -en a l, o r c ro tonaldehyde, is an a p -u n sa tu ra te d  ca rbony l com pound , 
and  as such  p re se n ts  severa l p o ssib le  m odes o f rad ica l-fo rm in g  m uonium
a tta c k . A ttach m en t o f Mu a t  carbon -3  y ields an a -ca rb o n y l s u b s ti tu te d
135alky l rad ical of the  type stud ied  by S tru b  et al. in an ex am in a tio n  o f 
th e ir  isom erisa tion  k inetics. A ttach m en t a t  ca rbon -2  y ields a p -carbony l 
s u b s ti tu te d  alkyl radical. These tw o  types o f  radical d iffe r  in th e ir  
capac ity  to  delocalise  th e  unpaired  e le c tro n : in the  f ir s t,  th e  unpa ired  
sp in  may be sp read  over b o th  th e  carbon  a tom  and the  oxygen a to m  
o f the  carbonyl group ; in the  second, no such  m echanism  is availab le.
The tw o  ca tegories o f radical shou ld  be easily  d is tin g u ish ab le  th ro u g h  
th e  m agnitudes o f th e ir  m u o n -e lec tro n  coupling  c o n s ta n ts , by analogy
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sow ith  rad ica ls  fo rm ed  in conjugated  dienes . A th ird  p o ss ib le  s ite  of 
m uonium  a tta c h m e n t is th e  oxygen a tom  o f th e  carbony l g roup , in 
w hich case an a3 ~ u n sa tu ra ted  m uoxyalkyl rad ical is fo rm ed . Such a 
rad ica l d iffe rs  so m ew h at from  the  a -m uoxyalky l rad ica ls  s tu d ie d  in 
p rev ious se c tio n s  due, again, to  the  p o ssib ility  o f con juga tive  sp in  
d e lo c a lisa tio n  th ro u g h  th e  carbon chain. D e lo ca lisa tio n  o f th is  kind 
is exp ec ted  to  lo w er th e  value o f A^. The fo u r th  p o ss ib ility , th a t  of 
M u a tta c h m e n t a t  th e  carbonyl carbon a tom , is know n n o t  to  occur 
to  any m ensu rab le  e x te n t  in aldehydes o r k e to n e s , and  is n o t  expected  
to  be a m ajor p ro ce ss  here. The th ree  resp ec tiv e  m uonium  add ition  
p ro d u c ts  a re  show n  below .
^ M u
In add ition  to  th e  conform erism  arising  th ro u g h  in te rn a l ro ta tio n
a ro u n d  a s ing le  bond  such  as C2-C 3 ( adhering  to  th e  num bering  system
o f th e  p a re n t m o lecu le  ), akin to  th a t  d iscu ssed  earlie r, in rad ica ls  o f
type  (I) a second  kind o f confo rm ational isom erism  e x is ts , defined  by
in te rch an g es  be tw een  cisoid  and transoid  fo rm s th ro u g h  in te rn a l ro ta tio n
a ro u n d  a p a rtia l doub le  bond, in th is  in stance  C j-02 - W hile on the
tim esca le  o f the  pSR experim en t p ro cesses  o f th e  f i r s t  type  are  " fa s t”,
and  th e  n e t (iSR signal is th e re fo re  an average over a ll th e  ap p rop ria te
135to rs io n a l s ta te s , evidence has show n th a t  A rrhen ius b a rr ie rs  to  the  
in te rco n v ersio n  o f isom ers o f the  second type can b e  su ch  th a t  exchange 
is "slow ", leading to  se p ara te  signals from  cisoid  and transoid  rad icals. 
4.5.2 E xperim ental.
The ex p erim en ts  on c ro tonaldehyde w ere carried  o u t using  th e  ^E4 
beam line  a t  PSI. The s tre n g th  o f the  tra n sv e rse  fie ld  app lied  w as se lec ted
(I) H Mu 0  
H. \ l
I
n u
(II)
H
H
K
H Mil
O
II (Ill)H
H
*H
H
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on th e  basis o f  c le a r  sep ara tio n  o f ( te m p e ra tu re -d e p e n d e n t)  rad ical 
s ig n a ls  from  (te m p e ra tu re -in d e p e n d e n t)  a r te fa c ts  as e ith e r  0 .2 T o r 0 .3 T. 
The sam ple  o f c ro to n a ld eh y d e  used  (d eg assed  and sea led  by th e  s ta n d a rd  
p ro ced u re ) w as "Gold Label” s tandard , supp lied  by A ldrich , and  a lm o s t 
exclusively  o f  th e  trans  isom er (99+%).
1 2 -
10 -
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Figure 4.11 Fourier tra n sfo rm ed  u S R  sp ec tru m  a t room  tem p e ra tu re  
o f  pure b u t-2 -e n a l.
Figure 4.11 above show s the  Fourier p ow er sp ec tru m , averaged  
over fo u r  h isto g ram s, ob tained  in tra n s -b u t-2 -e n a l a t  353 K using  a 
tra n sv e rse  fie ld  o f 0.2 T. The main radical s ig n a ls  a re  seen  a t  ab o u t 
100 MHz and 162 MHz. U n fo rtu n a te ly  th e  signal a t  100 M Hz overlaps 
th e  f i r s t  overtone  o f  th e  cyclo tron  frequency, p rec lud ing  accu ra te  
f ittin g . The peaks a t  50 MHz and 200 MHz are  a lso  a r te fa c ts  o f the  
sy s tem . By m atching  th e  signal a t 162MHz w ith  i ts  th e o re tic a l 
co rrespond ing  low frequency  signal fo r th is  rad ical a t  th is
tem p e ra tu re  is de te rm ined  to  be 263.50 MHz. The s ig n a ls  are  th e re fo re
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a ss ig n e d  to  rad ical (I) . No lines a t  h igher frequenc ies  id en tifiab le  as 
be lo n g in g  to  a radical o f type (II) can be seen . The very s tro n g  signal 
co rre sp o n d in g  to  m uons in d iam agnetic  en v ironm en ts , occu rring  a t  ab o u t 
27 M Hz, o b scu res  any signa ls  from  rad ica ls  o f type (III). Indeed, i t  
has g en e ra lly  been assum ed  th a t  in a(3 -unsa tu ra ted  carbonyl com pounds 
m uonium  add ition  is a lm o s t exclusively  to  one o f th e  carbon  a to m s 
o f  th e  C=C doub le  bond. How ever, excision  o f  th e  d iam agnetic  signal 
by F o u rie r f it tin g  leaves a pair o f w eak lines, s itu a te d  app rox im ate ly  
e q u id is ta n tly  from  vD, one on e ith e r  side, rem in iscen t o f th e  tra n s itio n  
freq u en c ie s  c h a ra c te r is tic  o f m uoxyalkyl rad ica ls . F itting  o f th e  sig n a ls  
by n o rm al m eth o d s is n o t in th is  case  p o ssib le , b u t  th e  m u o n -e lec tro n  
c o up ling  c o n s ta n t is e s tim a ted  to  be rough ly  16.1 MHz, le ss  th an  
h a lf  o f th a t  in ace to n y lace to n e  a t  th e  sam e tem p e ra tu re . This is s tro n g  
evidence fo r  th e  p resence  o f rad ical (III) . The tem p e ra tu re  dependences 
o f  th e  tw o  pa irs  o f s igna ls  w ill be d e a lt  w ith  separa te ly .
4.5.3 Radical (I).
S ec tio n s  o f the  frequency  dom ain s p e c tra  ob ta ined  a t  th e  o th e r  
fo u r  te m p e ra tu re s  o f experim en ta l m easu rem en t, each averaged over 
fo u r  h is to g ram s, are  show n in F igure 4 .1 2 (a ) . The range o f  frequenc ies  
d isp layed , 70 MHz to  200 MHz, accom m odates b o th  signa ls  co rresp o n d in g  
to  rad ica l ( I )  a t  a ll tem p e ra tu re s . In each case  th e  m easu rem en t w as 
m ade w ith  a tra n sv e rse  field  o f 0.3 T.
The coupling  c o n s ta n t is fairly  large, a lth o u g h  sm a lle r  th an  in a 
p rim ary  alkyl radical, and d ec reases  w ith  increasing  tem p era tu re , rang ing  
fro m  301.92 MHz a t  209 K dow n to  263.50 MHz a t  353 K. These values 
are  ta b u la te d  in fu ll in Table 4 .5 . It is su p p o sed  th a t  th e  te m p e ra tu re  
dependence  o rig ina tes in in te rn a l ro ta tio n  around  th e  sing le  bond  C2-C 3. 
The p o te n tia l b a rrie r  hindering such  in te rn a l ro ta tio n  is su ffic ien tly  low  
th a t  w h a t is m an ifested  in th e  pSR sp ec tru m  is a gradual change w ith
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Figure 4.12 Fou r i er  t r a n s f o r m e d  LtSR s p e c t r a  ove r  t h e  ra nge  7 0 -2 00  MHz (a )  
and c o r r e l a t i o n  d iag ra m s  (b) fo r  b u t - 2 - e n a l  s h o w in g  s igna l s  due  to  
radica l  (I).
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T ab le  4 .5  M u o n -e lec tro n  hyperfine coup ling  c o n s ta n ts  and  tra n s itio n  
frequenc ies fo r  m uonic rad ica ls  form ed in trans -b u t-2 -e n a l.  T em p era tu re s  
a re  in K, coupling  c o n s ta n ts  and tra n s itio n  freq u en c ies  in M Hz.
T
Radical ( I) Radical (III)
V12 V3 4 A l
353.0* 263.4981 19.2 35.3 16.1
333.0 266.8094 33.3 47.5 14.2
313.0 270.4371 33.9 47.1 13.2
294.0 274.3228 35.8 45.2 9.4
251.0 286.2071 37.3 44.3 7.0
209.0 301.9201 37.9 44.1 6.2
A t le a s t  4 x l0 7 even ts  w ere  co llec ted  p e r tem p e ra tu re . The ex p erim en ta l 
e r ro r  on th e  m easu rem en t o f  T is +0.1 K , w hile th e  f it t in g  e r ro r  on 
fo r  rad ical ( I ) is  0.05 MHz.
*This r e s u l t  w as ob ta in ed  w ith  a tra n sv e rse  fie ld  o f 0.2015 T. F o r a ll 
th e  o th e rs  th e  fie ld  w as 0.3025 T.
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tem p e ra tu re  in the  p o p u la tio n  d is tr ib u tio n  am ong th e  to rs io n a l s ta te s . 
The con fo rm atio n  o f lo w e s t e lec tro n ic  energy is in fe rre d  to  b e  th a t  
dep ic ted  below , w ith  D0 ( M u) = TC/6 .
9.-TT/6
^ \M u
CH
CHO
As the  te m p e ra tu re  in creases , so do th e  p o p u la tio n s  o f  to rs io n a lly  
ex c ited  s ta te s  in w hich th e  ex p ec ta tio n  value o f  th e  to rs io n a l ang le  
approaches i ts  free  ro ta tio n  value o f TC/4 ,  and th e  m ean p o s itio n  o f 
th e  m uon d raw s s lig h tly  n ea re r to  the  nodal p lane  o f  th e  7 t-system , 
ex tend ing  over C 2 , C1? and O, in which th e  unpaired  e le c tro n  res id es .
The n e t spin  density  a t  th e  m uon, and co n co m itan tly  th e  m u o n -e le c tro n  
hyperfine coupling  c o n s ta n t, consequen tly  decrease.
The reduced  m om en t o f in e rtia  fo r in te rn a l ro ta tio n , IR , as defined  
earlie r, m u st be an invarian t o f the  to rs io n a l m otion . In th is  case  th e  
m otion  in q u estio n  is ro ta tio n  around  C2-C 3. C learly  th e  rad ica l p o sse sse s  
to o  m any degrees o f  freedom  fo r  IR to  be defined  unequ ivocally  and 
accura te ly . A lso, th e  H elle r-M cC onnell re la tio n 46 b e tw e en  th e  hyperfine 
coup ling  c o n s ta n t and th e  ang le  o f in te rn a l ro ta tio n  can no lo n g er 
be expected  to  hold  due to  the  lo ss  o f tw o fo ld  sym m etry  in th e  7 t-system  
w ith  re sp e c t to  th e  to rs io n a l co -o rd in a te , th is  being  c o n seq u e n t upon 
th e  conjugative d e lo ca lisa tio n  o f the  c e n tre  o f unpa ired  sp in  d en s ity  
away from  the  axis o f in te rn a l ro ta tio n . As a r e s u l t ,  q u a n tita tiv e  analysis 
o f th e  hyperfine d a ta  in o rd e r  to  de term ine  th e  b a rr ie r  to  in te rn a l 
ro ta tio n  around C 2-C 3 m u st a tte n d  the  d ev e lo p m en t o f  a m ore 
so p h is tica ted  fo rm alism .
In consideration  o f th e  con fo rm ationa l isom erism  b e tw een  cisoid  
and transoid  fo rm s in te rch an g ed  by in te rnal ro ta tio n  a round  th e  p a rtia l
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double  bond  C j-C ^ it m ight be expected , given th e  g re a te r  (by analogy
13Sw ith  s im ila r rad ica ls  and the  p a re n t co m p o u n d ) therm odynam ic
s ta b ility  o f  th e  transoid  form , e ith e r th a t  th e  sp e c tra  show  only  s ig n a ls
due to  transoid  rad icals  o r th a t  the  s ignal co rresp o n d in g  to  th e  cisoid
rad ical be seen  only a t high tem p e ra tu re s  w here  th e  ac tiva tion  b a rr ie r
to  ciso id-transoid  isom erism  can be overcom e. H ow ever, a c lo se
in sp ec tio n  o f  the  sp e c tra  in Figure 4.12(a) revea ls  th a t  only a t  th e
th re e  lo w e s t experim en ta l tem p e ra tu re s  is th e re  any su g g estio n  o f a
second  pair o f signals, w ith  a coupling  c o n s ta n t som e S-lOM Hz low er
th an  th e  dom inan t pair. C o rre la tio n  d iagram s, p ro d u ced  using  a p ro g ram  
136w ritte n  by I. D. Reid , m atching  low  frequency  s ig n a ls  w ith  th e ir  h igh 
frequency  c o u n te rp a r ts  accord ing  to  th e  th eo ry  o f high tra n sv e rse  fie ld  
free  rad ical pSR (see  C h ap te r 1), show  th is  phenom enon  w ith  g re a te r  
c la rity  (Figure 4.12(b)). I t  shou ld  be no ted  th a t  a t  low  tem p e ra tu re s  
b o th  th e  c o rre la tio n s  and the  signa ls  th em se lv es  are  qu ite  w eak; 
co n seq u en tly , accu ra te  de te rm ina tion  o f  th e  hyperfine coupling  c o n s ta n t  
o f th e  second  radical is n o t possib le .
Tw o se p a ra te  views of the  s itu a tio n  underly ing  th e  o b se rv a tio n  
described  above are conceivable. In th e  f i r s t  o f  th ese , a regim e o f 
f a s t  co n fo rm atio n a l exchange ex is ts  a t  high tem p e ra tu re s , and th e  
signal observed  is the  s ta t is t ic a l  average over b o th  s e ts  o f to rs io n a l 
s ta te s  (a b o u t C 2-C 3 and C 1-C 2 ). In th is  p ic tu re , only a t  te m p e ra tu re s  
be low  a b o u t 300 K does co n fo rm ationa l exchange becom e slow  on  th e  
e x perim en ta l tim escale . This m odel im plies th a t  th e  ac tiva tion  b a rr ie r  
to  transoid-cisoid  conversion  is considerab ly  sm a lle r  in th is  rad ical 
th an  in th e  rad icals  o f the  sam e type s tud ied  by S tru b  et al. In 
the  second  m odel the  s itu a tio n  prevailing  is one o f s low  co n fo rm atio n a l 
exchange in th e  transoid-cisoid  d irection , b u t f a s te r  exchange in the  
reverse  d irec tion . In o th e r  w ords, the  ac tivation  b a rr ie r  to  cisoid-
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transoid  isom erism  is sm all. Only a t  low  te m p e ra tu re s  is th e  life tim e  
o f th e  cisoid  c o n fo rm er su ffic ien tly  long th a t  i t  can  be d e te c te d . O f 
th e se  scenario s , th e  f i r s t  is perhaps th e  m ore likely, b u t  in o rd e r  th a t  
a c a te g o rica l a ttr ib u tio n  be made fu r th e r  analysis  is ind icated .
4.5.4 Radical (III).
A se le c tio n  o f the  low  frequency  p a r ts  o f th e  F ou rie r tra n s fo rm  
s p e c tra  o b ta ined  a f te r  f it tin g  and excision  o f th e  d iam agnetic  s igna l 
is show n in F igure  4.13. On e ith e r side o f  vD w eak s ig n a ls  can be seen . 
(T h a t th e se  a re  indeed  genuine signa ls  and n o t sim ply  sy stem  no ise  
o r th e  r e s u l t  o f  p oo r f ittin g  o f vD is su b s ta n tia te d  by com parison  w ith  
sp e c tra  in w hich th e  d iam agnetic  frequency  has been  excised  b u t  no 
rad ica l o f sm all coupling  is possib le . In every such  case  th e  d iam agnetic  
s igna l is rem oved w ith  com plete  efficacy  to  leave a low  and reg u la r  
no ise  b ack g ro u n d .)  C om puter f ittin g  o f th ese  s ig n a ls  is n o t p o ss ib le  
due to  th e ir  low  am plitude , b u t th e  r e s u l t  o f  a  ro u g h  a s se s sm e n t by 
eye o f  th e  signal frequencies and co rrespond ing  coup ling  c o n s ta n ts  
is ta b u la te d  in T able  4.4 along  w ith  th o se  o f  rad ica l ( I ) . The sig n a ls  
s u g g e s t  th e  p resen ce  o f a radical w ith  a sm all coup ling  c o n s ta n t, 
having a te m p e ra tu re  dependence w ith  a positive  tem p e ra tu re  
co effic ien t. T hese p ro p ertie s  are  typ ical o f a m uoxyalkyl rad ical, and  
re in fo rce  th e  a ss ig n m en t o f the  signa ls  to  rad ical ( I I I ). The sp e c tra  
th e re fo re  re p re s e n t the  f ir s t  observa tion  o f m uonium  add ition  to  th e
carbonyl oxygen a tom  in an a p -u n sa tu ra te d  carbonyl com pound.
132M ore rec e n t s tu d ie s  by D. B u tta r  o f th is  g roup  upon 3 -m e th y l-  
b u t-2 -e n a l show  a la rg e r p ropo rtion  o f type (III) rad ica ls  to  be fo rm ed  
th an  in c ro tona ldehyde , and a lso  show  a te m p e ra tu re  dependence o f  
o p p o site  sign to  prevail in the  hyperfine coup ling  c o n s ta n t o f th e  type  
( I)  rad ical. Both o f th ese  phenom ena s tem  from  th e  p resence  o f the  
e x tra  m ethyl group. The f ir s t  can be a ttr ib u te d  to  s te r ic  in te rfe ren ce
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Figure 4.13 Four ier t r a n s f o r m e d  ^SR s p e c t r a  fo r  b u t - 2 - e n a l  o ve r  t h e  
r a nge  0-60 MHz showing th e  weak s igna l s  a t t r i b u t e d  t o  radica l  (III).
to  the  approach  p a th  fo r  m uonium  add ition  to  the  o lefin ic  fu n c tio n a lity  
by th e  tw o  m ethyl g ro u p s now a tta c h e d  a t  carbon-3 , w hile  th e  second  
sim ply d en o tes  a changed  co n fo rm atio n a l p reference .
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C H A P T E R  S
A b  In itio  Calculations on a-Hydroxyalkyl Radicals.
"Given th re e  o r fo u r lives I m ight have accom plished  som eth ing ."
Sam uel B eckett.
5.1 General Introduction.
A varie ty  o f c a lcu la tio n s  a t  the  U H F-SCF level a re  p re se n te d  which
ex p lo re  som e o f th e  co n fo rm ationa l p ro p e rtie s  o f a -h y d ro x y a lk y l rad icals .
T hese rad ica ls  are  ana lo g o u s to  th e  a-m uoxyalky l rad ica ls  p roduced
by irrad ia tio n  o f sim ple  carbonyl com pounds w ith  positive  m uons. O f
th e  rad ica ls  described  here, only 2 -h y d roxyp rop -2 -y l and hydroxyethyl
have had th e ir  m uonic analogues sub jec ted  to  s tu d y  th u s  fa r  ( see
c h a p te rs  3 and 4 o f th is  th es is  respec tive ly  ). All c a lc u la tio n s  w ere
carried  o u t using  th e  CYBER 205 su p e rco m p u te r a t  th e  U niversity  o f
M anchester. The e lec tro n ic  s tru c tu re  packages em ployed  w ere GAMESS137,
138fo r  th e  o p tim isa tio n  o f geom etrical p a ram ete rs , and ATMOL , fo r 
s in g le -p o in t ca lc u la tio n s  in which spin p ro jec tion  w as carried  o u t ( a t  
th e  UHF-AA level ). G eom etry o p tim isa tions  w ere, u n less  o therw ise  
s ta te d , p e rfo rm ed  using th e  sp lit valence 3-21G b asis  s e t  o f Binkley,
Pople, and H e h re 60 (h e re in a f te r  re fe rred  to  as SV -3-21G ), w hile  s ing le ­
p o in t ca lcu la tio n s  w ere generally  carried  o u t u sing  a " sa tu ra te d "  basis  
s e t  o f nom inally  tr ip le -z e ta  accuracy (ac tu a lly  D unning and M cLean's61,139 
[5s3p] co n tra c tio n  o f H uzinaga 's101 (10s6p) gaussian  prim itive basis  s e t ) ,  
su p p lem en ted  by p o larisa tio n  functions co n sis tin g  o f a fu ll  d - s e t  on 
each f ir s t  row  a tom  and a fu ll p - s e t  on each H a to m 140. The c rite ria  
fo r  convergence o f th e  SCF energy cycles and th e  fo rce  m inim isation  
cycles w ere iden tica l to  th o se  defined in C h ap te r 2.
5.2 Hydroxymethyl Radical.
5.2.1 In tro d u c tio n .
The h isto ry  o f th e  stu d y  o f the  hydroxym ethyl rad ica l CH 2OH, 
a rad ical iso e lec tro n ic  w ith  ethyl, by ESR sp ec tro sco p y  is ou tlin ed  in
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the  in tro d u c to ry  sec tion  o f C h a p te r  3. No co rrespond ing  exam ination  
o f th e  co rrespond ing  m uonic rad ica l has to  d a te  been u n d ertak en , 
la rge ly  due to  the  tox icity , v o la tility  and reactiv ity  o f  p u re  m eth an al, 
w hich polym erises qu ite  rap id ly  a t  tem p e ra tu re s  above i ts  freez ing  
po in t. As th e  rad ical is a know n in te rm ed ia te  in a tm o sp h e ric  p ro c e sse s  
re lev an t to  com bustion  and a ir p o llu tio n 141’142 i t  has been  th e  su b je c t 
o f several th eo re tica l s tu d ie s , p a rticu la rly  in connection  w ith  th e  w eakly  
exo therm ic  rea rran g em en t re a c tio n  in w hich i t  is fo rm ed  fro m  th e  m ethoxy  
rad ica l CH36 .
5.2.2 A Sim ple M odel o f  In te rn a l R o ta tion .
Initially  a s e t  o f c a lc u la tio n s  w ere  carried  o u t using  ATMOL a t
geom etrie s  based  upon a very sim p le  m odel o f th e  hydroxym ethy l
rad ica l and, in p a rticu la r, th e  p ro c e ss  o f in te rn a l ro ta tio n  th e re in 143.
A rig id  p lanar s tru c tu re  w as dev ised  fo r  th e  CH20  p a r t  o f  th e  m o lecu le
134using  bond len g th s  ob tained  from  S u tto n  ( th is  s tru c tu re  is i l lu s tr a te d  
in Figure 5.1). To the  O a to m  o f th is  w as a tta ch e d  an H a tom , a t  an 
in te rn u c le a r  d istance  o f 96pm and a COH bond angle  o f  109°. S ing le­
p o in t ca lcu la tio n s  w ere u n d e rtak en  a t  ten  values o f th e  to rs io n a l ang le  
$  equally  spaced  betw een  0° and  90°, w ith  D unning 's c o n tra c te d  b a s is  
s e t  o f I5s4p] fo r C and O and  [3s] fo r  H, b u t w ith o u t p o la risa tio n  
fu n c tio n s102. The m inim um  energy  w as found  to  occu r a t  $= 80°.
Figure 5.1 M odel ca lcu la tio n  on C H 2OH -  g eom etrica l p a ra m e te rs .
rt = 112pm; r 2 = 143pm; r 3 = 9 6 p m ; a  = 118°; 0 = 109°.
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The to ta l  energy co rrespond ing  to  th is  con fo rm atio n  w as found  
to  be -114.39965 h a rtree . This is lo w er by a s tr ik in g  a m o u n t (a b o u t 
O .SM Jm ol *) than  th e  energ ies o f  th e  3= 0° and $=90° c o n fo rm atio n s , 
b o th  o f which are in the  neighbourhood  o f -114.2 h a rtree . W hile th is  
s e t  o f ca lcu la tio n s  can n o t be said  a t  any level to  re p re s e n t a  real 
physical p ro cess  occurring  w ith in  th e  rad ical, they  do su g g e s t  th a t  
"sim ple" in te rn a l ro ta tio n  around  th e  C -O  bond  is n o t a m inim um  
energy  p a th  over th e  p o te n tia l energy  hypersu rface , and th a t  th e  
com m only accep ted  view in w hich th e  equilibrium  co n fo rm atio n  is th a t  
in which th e  hydroxylic p ro to n  lies  in the  nodal p lane  o f  th e  s in g ly - 
occupied 2p o rb ita l c e n tred  on th e  rad ica l C a tom  m u st be ca lled  in to  
q uestion . Rem arkably, a lso , a t  th is  b a s is  s e t  and geom etry  th e  ex p e rim en ta l 
p ro to n  hyperfine coupling  c o n s ta n ts  are  rep roduced  w ith  fo r tu ito u s  
accuracy (A H = -46.15 MHz, AH = -48 .96  MHz, AH = -1.26 M H z).
5.2.3 G eom etry O p tim isa tion  -  E ffe c t o f Basis Set.
The hydroxym ethyl rad ical has su ffic ien tly  few  g eo m etrica l d eg rees  
o f freedom  th a t  fu ll o p tim isa tio n  o f  a ll geom etrical p a ra m e te rs  can 
be carried  o u t em ploying a reaso n ab ly  la rg e  ex tended  b a s is  s e t  w ith o u t 
incurring  prohib itive expense in te rm s  o f  co m p u ta tio n a l tim e. Tw o such  
ca lcu la tio n s  are  described  below .
L SV-3-21G Basis Set.
The converged geom etry  y ielded  by a fu ll o p tim isa tio n  a t  th e  SV-3-21G 
level upon the hydroxym ethyl rad ica l is i llu s tra te d  in F igu re  5.2. The 
app ro p ria te  num erical values fo r  th e  converged p a ra m ete rs  on e x it a re  
given in Key A. The to ta l  energy  ap p ears  below , to g e th e r  w ith  i ts  nu c lea r 
and  e lec tron ic  com ponen ts.
E. , = -113.773816 h a rtre etotal
E , = -148.680674 h a rtre eel
E = 34.906858 h a rtre enuc
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The to ta l  energy ob tained  w ith  th is basis s e t  is considerab ly  p o o re r 
th an  th o se  g e n e ra ted  in th e  m odel ca lcu la tion  using  th e  D unning basis . 
C learly , th en , th e  sm all sp lit-v a len ce  se t, c o n s is tin g  o f a to ta l  o f  24 
c o n tra c te d  fu n c tio n s , m u st no t be expected  to  re p re s e n t the  e lec tro n ic  
s tru c tu re  o f  th e  radical to  a very high degree  o f  accuracy .
The g eom etry  o f  th e  rad ical a t  th is  level o f  c o m p u ta tio n a l accuracy  
is seen  to  be o f  Cj sym m etry , co n sis tin g  o f a  ro u g h ly  p lan a r transoid  
HCOH sy s tem  ( Z.HCOH = 177.17°), w ith  th e  seco n d  m eth y len e  H d isp laced  
from  th is  p lan e  by approx im ate ly  35°. This is c o n s is te n t  w ith  c a lc u la tio n s
145by o th e r  a u th o rs  . The C -O  bond  len g th  has d e c re a sed  w ith  re s p e c t  
to  th a t  in th e  m odel ca lcu la tio n  ( which w as b a se d  upon  th e  ex p e rim en ta l 
b o n d  len g th  in m eth an o l)  by 3.6pm , ind icating  a sm a ll d eg ree  o f  re te n tio n  
o f doub le  bond  c h a rac te r in the  radical.
II. T rip le  Z e ta  Basis Set w ith  P o larisation  F u nc tions  (TZVP).
The ca lcu la tio n  described  above w as rep e a te d  using  D unning’s tr ip le  
z e ta  b a s is  s e t  supp lem en ted  w ith  p o la risa tio n  fu n c tio n s  c o n s is tin g  o f  
a s e t  o f  d - fu n c tio n s  on C and O and a s e t  o f p - fu n c tio n s  on each  H.
The final geom etry  is as dep ic ted  in F igure 5.2, w ith  num erica l va lues 
o f th e  converged  p a ram ete rs  given by Key B. The to ta l  energy  
c o rresp o n d in g  to  th is  geom etry , and i ts  n u c lea r and  e le c tro n ic  
co m p o n en ts , a re  given below .
E. . , = -114.459376 h a rtreetotal
Eel = -150.067779 h a rtree
Enuc = 35.608402 h a rtree  
The la rg e  im provem ent in the  to ta l  energy  over th e  sm a lle r  b a s is  
s e t  (0.6856 h a rtre e  o r 1.8 MJ m ol *) is due, o f  co u rse , to  th e  inev itab le  
low ering  in th e  e lec tron ic  energy accom panying an im provem en t in b as is  
s e t  (in  th is  case, a decrease o f 1.4061 h a r tre e ) . The converged  s tru c tu re  
using  th e  la rg e r  basis se t ac tua lly  has a c la ss ica l n u c lea r rep u ls io n
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energy  w hich is g re a te r  than  th a t  o f the  SV-3-21G g eo m etry  by 0.7015 
h a rtree .
F igure  5.2 O p tim ised  Geom etry o f th e  H ydroxym ethy l Radical.
H CX
Q
H
Key A. C onverged  geom etrical p a ra m e te rs  a t  SV-3-21G level.
rj = 107.0 pm ; r2 = 107.5 pm ; r3 = 96.5 pm ; r 4 = 139.2 pm ; 
a  = 112.77° ; 0 = 119.67° ; 8 = 119.02° ; 8  = 112.20° ;
Y = 34.98°
Key B. C onverged  geom etrical p a ra m e te rs  a t  TZVP level.
Tj = 107.1 pm  ; r 2 = 107.6 pm ; r 3 = 94.0 pm  ; r 4 = 135.7 pm  ; 
a  = 113.30° ; 0 = 119.49° ; 8 = 118.11° ; 8  = 111.10° ;
Y = 34.02°
In co n sid e ra tio n  o f the  geom etry  i t  is found  th a t  a ll b u t  one o f 
th e  in te rn u c le a r  d istan ces  betw een  bonded  a to m s have d ecreased . W hile 
i t  is  th e  case  th a t  the  change in to ta l  energy  in going  fro m  a sm all 
b asis  s e t  to  a la rg e r one is certa in ly  an im provem en t ( th a t  is to  say, 
th e  accom panying increase  in overlap  te rm s  p ro d u ces  a low ering  in 
th e  v a ria tio n a lly -p ro tec ted  SCF en e rg y ), th e  change in b ond  len g th s  
is n o t g u a ran teed  in any such way and in genera l i t  is found  th a t  b asis  
s e ts  sm a lle r  th an  abou t SV-4-31G ten d  to  yield bond  len g th s  longer 
th an  th o se  de te rm ined  by experim en tal m eans, w hile la rg e r  basis  s e ts  
ten d  to  yield bond len g th s  sh o rte r  th an  experim en t. N o tw ith stan d in g ,
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i t  is illum inating  to  com pare th e  tw o  s e ts  o f g eom etrica l p a ra m e te rs .
W ith the  Dunning basis th e  HCOH "trans" s tru c tu re  is seen  to  
have approached  even c lo se r  to  p lanarity , th e  a p p ro p ria te  to rs io n a l 
an g le  now tak ing  the  value 179.09°. B oth C -H  bond  len g th s  are  typ ical 
o f  m ethylen ic bonds, b u t it  sho u ld  be no ted  th a t  th e  bond  lying o u t  o f 
th e  p lane  is now d is tin c tly  lo n g er th an  the  o th e r. The C -O  bond  sh o w s 
y e t m ore double  bond charac te r.
T ab le  S.l A tom ic spin  d en s itie s  and 1H hyperfine coup ling  c o n s ta n ts  
fo r  C H 2OH a t th e  SV-3-21G and TZVP levels.
a to m
SV -3- 21G TZVP
s.d. Ah /M H z s.d. Ah /M H z
C 0.41119 0.35329 ------
O 0.08678 0.08244 ------
-0.02889 -41.02 -0.02492 -35.39
h 2 -0 .03482 -49 .44 -0 .03020 -42 .88
H3 -0 .00248 -3.52 -0 .00282 -4 .0 0
T able  5.1 show s th e  a tom  spin d en sitie s  and 1H coupling  c o n s ta n ts  
a sso c ia ted  w ith  the  hydroxym ethyl rad ical ca lcu la ted  using th e  tw o  
b a s is  se ts . The m ethylene p ro to n  coup lings are again  su rp ris in g ly  c lo se  
to  th e  experim ental va lues114 considering  th a t  even a t  a b so lu te  zero , 
and d isregard ing  in te rm o lecu la r e ffe c ts , the  radical is s ti l l  su b jec t to  
z e ro -p o in t v ibrational m otions ab o u t i ts  equilibrium  co n fo rm ation , w hile  
a t  h igher tem p era tu re s  excited  v ib ra tional and large  am p litude  m otion
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( fo r  exam ple, inversion a t  th e  pyram idal rad ical cen tre  ) s ta te s  w ill 
c o n tr ib u te  to  the  m ean rad ical co n fo rm atio n  and  th u s  to  th e  hyperfine  
coup ling  co n s ta n ts . The e x te n t to  w hich the  m ethy lene p ro to n  co u p lin g s  
a re  independen t o f co n fo rm atio n , to g e th e r  w ith  th e ir  sign, ind ica tes  
th a t  th e  origin o f spin d ensity  a t  th e se  p ro to n s  is largely  th ro u g h  "spin 
p o la risa tio n "  p ro cesses. The p o o re r  deg ree  o f accuracy  w ith  w hich th e  
hydroxylic p ro to n  coupling  is rep ro d u ced  is easily  exp la ined  th ro u g h  
th e  dependence o f th e  ex p e rim en ta l coup ling  c o n s ta n t on th e  e x c ita tio n  
o f  th e  to rs io n a l m ode.
5.3 Hydroxy ethyl Radical.
5.3.1 In troduction .
In the  case o f the  hydroxethy l rad ical CH3CHOH th e  large  n um ber 
o f geom etrical degrees o f freedom  to g e th e r  w ith  th e  lack  o f  sym m etry  
ren d e r  a free  op tim isa tion  a t  tr ip le  z e ta  level im practicab le . H ow ever, 
from  the  ca lcu la tions  on th e  hydroxym ethy l rad ical described  above 
i t  is c lear th a t  a large im provem en t in basis s e t  need n o t lead to  a 
la rg e  change in geom etry  in a rad ica l co n sis tin g  only o f f i r s t  row  a to m s.
On th e  assum ption  th a t  a s tru c tu ra l  s im ilarity  be tw een  th e se  hom o lo g o u s 
rad ica ls  is p robab le  the  m ethodo logy  ad o p ted  to w ard s g eom etry  o p tim isa tio n  
w as as fo llow s. Two s ta r tin g  g eo m etrie s  w ere chosen , each b ased  upon  
th e  converged geom etry  o f H 2C O H , and in each o f w hich a d iffe re n t 
m ethylen ic  p ro to n  w as rep laced  by a s ty lised  m ethyl g roup  (having
** 134,C 3v sym m etry, and "standard"  bond  len g th s  ). Each geom etry  w as 
th en  optim ised  in a com p le te ly  u n re s tr ic te d  m anner a t  th e  SV-3-21G 
level.
5.3.2 R esults.
The converged geom etries  o f  th e  cisoid  and transoid  co n fo rm ers  
o f  th e  hydroxyethyl rad ical d e te rm in ed  from  the  tw o  ca lc u la tio n s  
described  above are  show n in Figure 5.3 (I) and (II) respec tive ly . The
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Figure 5.3 C onverged  geom etrical p a ra m ete rs  fo r  th e  a -h y d ro x y e th y l 
rad ica l using  a SV-3-21G basis se t.
( I )  Cisoid  co n fo rm er.
H2,
y  \Ho— Co ' hji *
H5
Bond len g th s  /p m
C j-O j 139.8 ; C r C 2 150.5; C r H2 107.2; O j-H j 0 .966; C2-H 3 108.2; 
C2- H 4 108.7; C2-H 5 108.9.
Bond ang les  / °
C j-O j-H j 111.90; O r C r H2 110.96; Or C r C2 118.78; Cr C2-H 3 110.11; 
C r C2-H 4 111.20 ; C r C2-H s 111.40; H3-C 2-H 4 107.92; H 3- C - H s  108.30; 
H 4-  C2-H s  107.78.
D ihedral an g les  / °
c2_cr°rHi -37-84; H2_cr°rHi 17715; H3-c2_cr°i 1 7 8-9 7 .
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F igure  S.3 (II) Transoid  conform er.
K
H. > Q/ ■
A
h4 h 5
Bond len g th s  /p m
C1- 0 1 139.9 ; C r C2 149.8; C r H2 107.8; Ot-H t 96.5 ; C 2~H3 108.3; 
C 2- H 4 108.8; C 2-H s  108.3 .
Bond ang les  / °
C j-O j-H j 112.11; O r Cr H2 117.02; Or C r C 2 112.83; Cr C2-H 3 110.51; 
Cr C2- H 4 111.28; C r C2-H 5 109.57; H 3-C 2~H4 108.55; H 3-C 2-H 5 109.04; 
H 4-C 2-H s  107.78.
D ihedral ang les  / °
c2"cr°rHi 177 04 «• H2~cr°rHi -38 02; H3"c2"cr°i -17118*
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to ta l  energy of each confo rm er, to g e th e r  w ith  th e  se p a ra tio n  o f th is  
va lue  in to  nuclear and e lec tron ic  c o n tr ib u tio n s , is given in Table 5.2.
Table 5.2 UH F-SCF energ ies ( /h a r t r e e )  c a lc u la ted  a t  th e  SV-3-21G 
level fo r  th e  cisoid  and transoid  c o n fo rm ers  o f th e  hydroxyethyl 
rad ical.
cisoid transoid
E
to t a l -152.600248 -152.600321
Ee. -226.904533 -227.125094
E 74.304285 74.524773nuc
From  th ese  ca lcu la tio n s  i t  a p p e a rs  th a t ,  due to  an im provem en t 
in th e  e lec tron ic  energy, the  transoid  co n fo rm atio n  is favoured  over 
th e  o th e r  by 192 J m ol-1. The converged  g eom etrica l p a ra m ete rs  o f  th is  
rad ica l are s trik ing ly  sim ilar to  th o s e  o f CH2OH d e term ined  using  th e  
sam e b asis  se t. The very s lig h tly  lo n g e r  C -O  bond found  in th is  species 
as com pared  w ith  CH 2OH in d ica tes  th a t  th e  p resence  o f th e  s lig h tly  
e le c tro n -re lea s in g  a -m e th y l g roup  s ta b ilis e s  the  unpaired  e le c tro n  on 
th e  rad ical C a tom , decreasing  c o n tr ib u tio n s  to  th e  s tru c tu re  from  
canonical rep re sen ta tio n s  in w hch th e  sp in  is lo ca ted  on th e  hydroxylic 
p ro to n . L ittle  e ffe c t on the  O -H  b o n d  len g th  is evident. A tom  spin  
d e n s itie s  and co rrespond ing  coup ling  c o n s ta n ts  fo r  b o th  co n fo rm ers  
a re  p resen ted  in Table 5.3. It can be seen  th a t  Cj ca rrie s  s lig h tly  m ore 
sp in  density  in th is  in stance  th an  do es  C in CH2OH (0.45478 as  com pared  
w ith  0.41119).
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T ab le  5.3 A tom ic spin d en sitie s  and 1H coup ling  c o n s ta n ts  fo r  th e  
ciso id  (I) and transoid  (II) c o n fo rm ers  o f  C H 3CHOH a t  th e  SV-3-21G 
level.
a to m
C onfo rm er ( I )  
s.d. Ah /M H z
C onform er (II) 
s.d. Ah /M H z
Ci 0.45421 0.45478
C2 -0.06038 -0.07237
O i 0.07496 0.07326
-0.00179 -2.54 -0.00184 -2.61
h 2 -0.03222 -45.76 -0 .02500 -35.58
H 3 0.00462 6.56 0.00629 8.93
h 4 0.01528 21.70 0.03712 52.71
H s 0.03719 52.81 0.01399 19.87
5.4 Fluorohydroxymethyl Radical.
5.4.1 In tro d u c tio n .
Again assum ing  a s tru c tu ra l  s im ila rity  to  e x is t  be tw een  th e  
hydroxym ethyl radical and its  sing ly  f lu o r in a te d  congener CH FO H , a 
rad ica l iso e lec tro n ic  w ith  CH 3C H O H , tw o  u n res tric te d  geom etry  
o p tim isa tio n s  w ere carried  o u t on th e  la t te r  a t  the  U H F-SCF level 
u sing  a s p li t  valence 3-21G b asis  s e t. In th e  f i r s t  o f  th ese , th e  " o u t-  
o f -p la n e "  o r cisoid  H w as rep laced  w ith  F; in th e  second, th e  "in­
p lane" o r transoid  H was rep laced .
5.4.2 R esu lts .
The converged cisoid  and transoid  g eo m etrie s  of CHFOH ap p ear 
in Figure 5.4 (I) and (II) respective ly . The correspond ing  to ta l,  e lec tro n ic ,
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Figure S.4 O ptim ised  U H F-SCF SV-3-21G g eo m etrica l p a ra m e te rs  fo r  
th e  cisoid  and transoid  c o n fo rm ers  o f CHFOH.
(I) Cisoid  conform er.
H„
' t
y \ H,
Bond len g th s  /p m
C1- 0 1 136.6; C1-F1 136.9; C-H2 106.9; O-Hj 96.7 .
Bond ang les / °
Cr Or H1 113.29; Or Cr H2 113.11; O ^ - F j  114.42; Fr C 
D ihedral ang les / °
Frcr°rHi 4 9  9 2 > H2_cr°rHi -177.39.
(II) Transoid  con fo rm er.
F,
1 v i
H J  ^ H\ .
Bond len g th s  /p m
Cj-O j 137.2 ; Cj-F j 135.5 ; Cr H2 107.6; Or Ht 96.4 .
Bond ang les / °
Cj-Oj-Hj 113.18; Or Cr H2 118.50; Oj-Cj-Fj 110.67; Fr C 
D ihedral ang les / °
Frcr°rHi 174 46; H2 "cr°rHi 4 1 4 6  •
-H 2 113.92.
r H2 113.92.
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and nuclear energ ies are  given in Table 5.4.
Table 5.4 U H F-SCF SV-3-21G energ ies o f th e  cisoid  (I) and transoid  (II) 
c o n fo rm ers  o f  th e  fluo rohydroxym ethy l rad ical C H FO H  ( /h a r t r e e ) .
cisoid transoid
Etotal -212.104182 -212.096643
Eel -283.593147 -283.764362
E 71.488965 71.667719nuc
In th is  case  it  is th e  cisoid  con fo rm er, w here th e  s u b s t i tu e n t  is 
o u t  o f  th e  C -O -H  plane, th a t  is m ore s ta b le  (by  a b o u t 2 0 k jm o l_ 1 ), 
d u e , in c o n tra s t  to  th e  previous c a lc u la tio n s , to  a  low ering  in th e  
c la ss ica l in te rn u c lea r rep u ls io n  energy.
C onsidering  th e  geom etrica l p a ram ete rs  in g re a te r  d e ta il, th e  C -O  
b o n d  len g th  is found  to  be  considerab ly  sh o rte n e d  in co m p ariso n  to  
th o se  in CH 2OH and C H 3CHOH. T here is an accom panying  sm all 
in crease  in th e  O -H  in te rn u c lea r d istance . This in d ica tes  th a t  th e  e ffe c t 
o f  th e  e le c tro n -w ith d raw in g  F s u b s ti tu e n t is to  in crease  th e  c o n tr ib u tio n  
to  th e  overall s tru c tu re  from  th e  doub ly -bonded  canonical fo rm  in 
w hich th e  excess  spin is loca ted  on th e  hydroxylic  p ro to n . F u rth e r  
evidence fo r  th e  validity  o f th is  concep tua l app roach  is given by  the  
c a lc u la te d  a tom ic  sp in  d en sitie s , ta b u la te d  in Table 5.5.
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T ab le  S.5 SV-3-21G UHF-SCF atom ic spin d e n s itie s  fo r the  cisoid  (I) 
and  transoid  (II) con fo rm ers  o f th e  flu o ro h y d ro x y m eth y l rad ical CHFOH.
a to m (I)
co n fo rm er
(II)
C O.S7463 0.55281
O 0.05274 0.08858
F 0.11250 0.09508
H l 0.00104 -0.00521
H 2 -0.00959 -0.00124
In th e  low er energy con fo rm er (I) th e  res id u a l spin  density  on 
th e  hydroxylic  p ro to n  has positive sign ( in c o n tr a s t  to  th e  previous 
ca se s  ) and  co rresp o n d s to  a coupling c o n s ta n t  o f around  1.5 MFlz. The 
sp in  d en sity  a t  the  m ethylenic p ro to n , w h ile  s t i l l  negative, is considerab ly  
sm a lle r  in ab so lu te  value. However, th e  n e t sp in  d ensity  a t  C is increased  
in th is  rad ical from  its  value in the  tw o  p rev iously  stud ied , w hile th a t  
a t  O is decreased , which su g g ests  an en h an cem en t by th e  p resence  
o f  F o f th e  spin  p o la risa tio n  m echanism  in th e  C -O -H  system .
A lthough  the  unpaired spin density  on C is increased  by th e  p resence  
o f  th e  a -F  a tom  the  e ffe c t on the g ro ss  M ulliken  atom ic po p u la tio n 146,147,148 
is, n o t  unexpected ly , in th e  opposite  d irec tion . The s lig h tly  sm alle r 
M ulliken  p o p u la tio n  assoc ia ted  w ith  C in C H 3CHOH (5.88205) as 
com p ared  w ith  th a t  in CH2OH (6.09995) is due n o t to  an e le c tro n -  
w ithd raw ing  influence from  the oc-Me g roup  ( th e  sum  o f the  M ulliken 
p o p u la tio n s  of the  a tom s in th is group  is 9 .00087), b u t ra th e r  to  the  
f a c t  th a t  in th is  in stance  C w ithdraw s e le c tro n ic  charge density  from
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only  one  a -H  instead  o f tw o (a s  in the  case  o f C H 2O H ).
The SOM O (o r, to  be m ore p rec ise , since i t  is th e  UHF ap p rox im ation  
w hich is in use, the  h ighest energy occupied  MO o f  a -sp in  ) energ ies 
o f C H 2OH, CH 3CHOH, and CHFOH, are (in  h a r t r e e ) -0.340610, -0.322601, 
and  -0.374635 respectively , ind icating  th a t  s u b s ti tu t io n  o f H by F has 
a  s ta b ilis in g  e ffe c t on the  o rb ita l con ta in ing  th e  unpaired  e lec tron , 
w h ile  su b s ti tu tio n  by Me has the  o p p o site  e ffe c t. This MO is found 
to  c o n s is t  m ainly o f pz functions  ce n tred  on C , in accordance  w ith  
th e  tra d itio n a l p ic tu re  o f th e  loca tion  o f  th e  unpa ired  e lec tro n  in free  
rad ic a ls , w ith  co n trib u tio n s  from  th e  p z fu n c tio n s  on O in a ll th ree  
rad ic a ls , on  F in CHFOH, and w ith  sm all ad d itio n a l c o n tr ib u tio n s  fro m  
hydrogen ic  s -fu n c tio n s .
5.5 Difluorohydroxymethyl Radical.
A fu ll geom etry  op tim isa tion  a t  th e  U H F-SC F level using th e  SV-3-21G 
b a s is  s e t  w as a lso  carried  o u t on th e  doubly  F -s u b s t i tu te d  hydroxym ethyl 
rad ica l, CF2OH, to  yield the  energ ies show n be low  and the  converged 
g eo m e tric a l pa ram ete rs  d isplayed in F igure  5.5.
Eto ta i  = “310.437157 h a rtree
E , = -434.736870 h a rtreeel
E = 124.299713 h a rtreenuc
The C -O  bond show s a fu rth e r  d ecrease  in len g th , and the  O -H  
b o n d  a co rrespond ing  sm all increase. The o th e r  tre n d s  are a lso  fo llow ed : 
an increase  in th e  spin density  a t  C ( to  0.80619) is accom panied by 
a d e c re a se  in M ulliken popu lation  a t  C ( to  4.93104) and an increase  
in th a t  a t  O (fro m  8.70270 to  8.71681). The energy  o f  th e  h ig h es t a -M O  
has d ec reased  to  -0.418408 hartree , and th e  MO show s an increased  
c o n tr ib u tio n  from  the O atom .
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Figure S.S C onverged g eom etrica l p a ra m e te rs  fo r  CF2OH o b ta in ed  fro m  
an ab initio  op tim isa tio n  a t  th e  U H F-SCF SV-3-21G level.
/ H
Bond le n g th s /p m
C -O  135.1; C -F j 135.2; C -F2 133.4; O -H  96.6. 
Bond a n g le s / 0
C -O -H  113.90; 0 - C - F 1 113.77; 0 - C - F 2 111.04; Fr C -F 2 110.72.
D ihedral a n g le s / 0
F j-C -O -H  44.91; F2- C - 0 - H  170.62.
5.6 2-Hydroxyprop-2-yl Radical.
Ab initio  c a lcu la tio n s  w ere carried  o u t a t  th e  SV-3-21G level u sing  
th e  U H F-SCF approx im ation  upon th re e  co n fo rm atio n s o f th e  2 -h y d ro x y - 
p ro p -2 -y l ( o r  1-hydro x y - l-m e th y le th y l o r iso p ro p y lo l) rad ical (CH3)2CO H , 
a rad ica l iso e lec tro n ic  b o th  w ith  CF2OH ( see Section  5.5) and w ith  th e  
m u ch -s tu d ie d  t-b u ty l  rad ical (CH3)3C 149,150, in o rd e r to  exam ine v a ria tio n s  in 
energy  and changes in th e  d is tr ib u tio n  of e lec tro n ic  charge  and sp in  d en sity  
du ring  the  in te rn a l ro ta tio n  p rocess .
In itially , a ca lcu la tion  w as carried  o u t in which a ll 27 in d ep en d en t 
g eo m etrica l p a ram ete rs  w ere free ly  op tim ised . The re su ltin g  g eo m etry , 
C on fo rm er ( I) , can be seen  in Figure 5.6. The co rresp o n d in g  energ ies 
are
* , = -191.427011 h a rtreetotal
E , = -316.729798 h a rtreeel
E 125.302787 h a rtreenuc
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Figure 5.6 C onverged geom etrical p a ra m e te rs  e x tra c te d  from  an 
u n re s tr ic te d  o p tim isa tio n  upon th e  2 -hyd ro x y p ro p -2 -y l rad ica l a t  the  
U H F-SC F SV-3-21G level.
°\
Bond lengths /p m
C j-O j 140.5; Cr C 2 150.9; C r C3 150.1; Or H 1 96.5; C 
C2-H 3 108.9; C2-H 4 108.6 ; C3-H s  108.3 ; C 3-H 6 108.2; C 
Bond angles /°
C j- O j-H j 111.95; O r Cr C2 116.75; Or C r C3 111.01; C
Cr C 2-H 2 110.31; Cr C2-H 3 110.89; Cr C2-H 4 111.36; H
H 2- C 2- H 4 107.97 ; H 3-C 2-H 4 107.85 ; C r C 3-H s 110.63 ; C
C r C3-H 7 110.82; H5-C 3-H 6 109.15; Hs-C 3-H 7 108.50; H
Dihedral angles /°
Hr°rcrc2 3 9 0 0  > Hr°rcrc3 - w a g ; o r c r c 2-H 2 
°rcrc2_H3 6 7 52; °rcrc2"H4 -52.57; o r c r c 3-H 5 
°rCrC3'H6 46.74; O r C r C 3-H 7 -72.34 ; C2-C r C3-H< 
C2"CrC3 ' H 6 " 172 8 9 > C2"CrC3 ~ H 7 6 8  0 2  > C3“CrC2 " H 2
C3_CrC2"H3 - 70-6 6 -’ C 3- C r c 2- H 4 169.24.
T
H5 ^3
c.
H2 ^2
r
A
H 3 H 4
:2-H 2 108.2; 
:3- H 7 108.9.
2-C r C3 119.43; 
:2- C 2-H 3 108.35 ; 
r C 3-H 6 109.76; 
6-C 3-H 7 107.91.
5 -172.44;
; 167.26;
; -52 .37 ;
, 49 .38;
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The to ta l  energy  is b e tte r  by 9.26 m illih a rtree  ( ^ 2 4 k J m o l  *) than  th a t
1S1ob ta ined  by Lien and H opkinson using th e  SV-3-21G b a s is  s e t  w ith in  
an RHF ca lc u la tio n , b u t p o o rer than  th a t  ob ta in ed  by th e  sam e a u th o rs  
using  6-31GVRHF by a m argin o f 61.85 m illih a rtre e  (*  160 k j  m ol- 1 ).
A second  ca lcu la tio n  w as u n d ertak en  upon th e  to rs io n a l b a rrie r  
geom etry , o f C s sym m etry , w here th e  O -H  bond  e c lip ses  th e  axis o f 
th e  p z o rb ita l con ta in ing  th e  unpaired  e le c tro n . C onvergence  w as achieved 
to  yield energ ies o f
^ tota l = “ 191-423665 h a rtre e  
Eel = -316.308262 h a rtre e
Enuc = 124.884597 h a rtre e  
and a s e t  o f  g eo m etrica l p a ra m ete rs  (d e s ig n a te d  C o n fo rm e r ( I I ) )  dep ic ted  
in F igure S.7. The energy  d iffe rence  be tw een  c o n fo rm a tio n s  is ca lcu la ted  
to  be 8785 J  m ol 1, considerab ly  sm a lle r  th an  V2 fo r  th is  rad ica l as
119d eterm ined  from  Lehni’s ESR d a ta  ( s e e  S ection  3.2.1 ), b u t  com parable
in sca le  w ith  b a rr ie rs  ob tained  from  pSR d a ta  on th e  2 -m uoxyprop -2 -y l
rad ical, especially  in binary aqueous so lu tio n s  o f p ro p a n -2 -o n e  (see
S ec tions 3.2, 3.3 ). In com m on w ith  th e  e th y l rad ica l (C h a p te r  2) th e  geom etry
o f m inim um  energy  is determ ined  by a local m inim um  in th e  e lec tron ic
energy  ( th e  c la ss ica l in te rn u c lear rep u ls io n  energy  is h igher than  in
th e  b a rrie r  g e o m e try ) w hile the  to rs io n a l b a rr ie r  g eo m etry  re p re se n ts
a local m inim um  in the  in te rn u c lea r rep u ls io n  energy . This phenom enon
o f an app rox im ate  m irro r image re la tio n sh ip  b e tw een  th e  n u c lea r and
e lec tro n ic  energy  su rfaces  is one com m only en c o u n te re d  in ab initio
152q uan tum  chem ical ca lcu la tio n s  . In going from  C o n fo rm e r ( I )  to  
C on fo rm er (II)  th e  spin  density  on C d ecreases  s lig h tly , from  0.49880 
to  0.48188, b u t th is  is accom panied by a m uch la rg e r  d ec rease  in the  
sp in  density  on O, which d rops by a fa c to r  o f ^16 to  0 .00405. This 
is a  consequence o f a change in th e  shape o f  th e  h ig h e s t a-M O , which
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Figure 5.7 C onverged  geom etry  a t the  U H F-SCF SV -3-21G level o f the  
to rs io n a l b a rrie r  co n fo rm atio n  (sym m etry  C s ) o f th e  2 -h y d ro x y p ro p -2 -y l 
rad ical.
vHe
Hc C3
H2 C2
\
O ^ H
A
h 3 h 4
Bond len g th s  /p m
Cj-Oj 141.5; Cr C2 150.4; Cr C3 150.4; Oj-H* 96.7; C2~H2 108.3; 
C2-H 3 108.4 ; C2-H 4 108.9 ; C3-H 5 108.3 ; C3~H6 108.9 ; C3~H7 108.4 . 
Bond ang les / °
Cj-O j-H j 111.69; Or Cr C2 114.07; Or Cr C3 114.07; C2-C r C3 119.84
Cr C2-H 2 110.87; Cr C2-H 3 110.50; Cr C2-H 4 110.40; H2-C 2-H 3 108.89
H2-C 2-H 4 108.47; H3-C 2-H 4 107.62; Cr C3-H s 110.87; Cr C3-H 6 110.40
Cr C3-H 7 110.50; Hs-C 3-H 6 108.47; H5-C3-H ? 108.89; H6-C 3-H ? 107.62.
D ihedral ang les / °
Hr ° r c r c 2 -108-60; Hr ° r c r c 3 108.60; or c r c2-H2 171.72;
° r c f  C2-H 3 50.89; Or Cr C2-H 4 -68.05; Or Cr C3-H s -171.72;
° r c r c 3"H6 68 0 5 ; ° i" c r c 3 'H7 -so -8 9 ; c 2"c r c 3"Hs 47.81 ; 
C2"Cr C3_H6 -72.43 ; C2-C r C3-H 7 168.64 ; C3-C r C2-H 2 -47.81; 
C3_Cr C2“H3 “168-64 ; C3-C r C2-H 4 72.43 .
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lo se s  a ll o f  the  p ch a rac te r on C and O which a llow ed  tra n sm iss io nr z
o f sp in  density  to  the  O nucleus, and tak es  on a c h a ra c te r  dom ina ted  
by p x o rb ita ls  cen tred  on C.
The th ird  and final ca lcu la tion  p e rfo rm ed  upon th is  rad ical w as 
an o p tim isa tio n  again co n stra in ed  to  C s sym m etry , in w hich a ll th re e  
ca rb o n  a to m s, p lus th e  O a tom  and th e  hydroxylic H, w ere  fo rced  in to  
cop lanarity . This resem b les  the  tra d itio n a l view o f th e  equ ilib rium  
g eo m etrie s  o f a-hydroxyalky l rad ica ls , w here th e  unpaired  e le c tro n  is 
he ld  in a 2pz o rb ita l on a carbon a to m  in a trigona l p la n a r  env ironm en t. 
The r e s u l ts  o f th is  ca lcu la tio n  are  r a th e r  strik ing . C onvergence w as 
fina lly  achieved a t a geom etry  in w hich th e  O -H  in te rn u c le a r  d is tan ce  
w as 300.6 pm  or, in o th e r  w ords, a t  w hich d isso c ia tio n  in to  a m olecu le  
o f p ro p an -2 -o n e  and an H a tom  had e ffec tive ly  tak en  p lace. ( The g eo m etry  
y ielded  by th is  ca lcu la tion  fo r the  (CH3)2CO m oiety  is in fa c t  iden tica l 
to  th a t  ob ta ined  fo r p rop an -2 -o n e  using  th e  sam e b asis  s e t  and g eo m etrica l 
convergence c rite r ia .)  In the  converged  s ta te  th e  spin d en sity  on th e  
carbon  a tom  which w as fo rm erly  th e  "radical cen tre"  w as found  to  
have decreased  to  -0.00160, w hile th a t  on th e  fo rm erly  hydroxylic  H 
had  increased  to  0.39309. The to ta l  energy  found  to  c o rre sp o n d  to  th is  
s ta te  w as -191.379433 hartree .
T racing  the  orig ins o f th is  d isso c ia tio n  w ith in  th e  ca lc u la tio n  i t  
is found  th a t  a t the  s ta r tin g  geom etry , w here th e  O -H  in te rn u c le a r  
d is tan ce  w as chosen to  be 96 pm , th e  fo rce  on th is  in te rn a l c o -o rd in a te  
is -0 .209  h a rtre e /b o h r, a fa c to r  o f 13 g re a te r  th an  th a t  on any o th e r  
b ond  s tre tc h in g  co -o rd in a te . The h ig h es t MO o f a -sp in , co n s is tin g  to  
a la rge  e x te n t o f s -fu n c tio n s  c e n tred  on the  hydroxylic H a tom , has 
an energy  o f -0.036182 hartree , g re a te r  by 0.274 h a rtre e  ( ^ 0 .7  MJ m o l-1 ) 
th an  th a t  o f C onform er (I) .
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As the  above ca lcu la tio n  was p e rfo rm ed  w ithin  the  p o in t g roup  
C s , th e  s ta te m e n t can n o t confiden tly  be m ade th a t  th e  p lan a r co n fo rm a tio n  
o f th is  rad ical is u n s ta b le  w ith o u t rec o u rse  to  fu rth e r  c o m p u ta tio n  
in w hich the  m ethyl g roups are a llow ed  freed o m  of ro ta tio n . A lso, 
a t  th e  SCF level u sed  here any in fluence  e x e rte d  on the  in te rn a l ro ta tio n  
p ro c e ss  by exc ited  e lec tro n ic  co n fig u ra tio n s  go es  u n d e te c te d ; in o rd e r  
to  e s ta b lish  such  in fluence  the  em p loym en t o f  co n fig u ra tio n  in te ra c tio n  
is ind ica ted . H ow ever, the  re s u lt  does su g g e s t  th a t  com plex  e f fe c ts  
a re  a t  w ork  in de te rm in ing  the  e lec tro n ic  s tru c tu re  o f even th e  s im p le s t 
o f rad ica ls , and th e re fo re  th a t  i t  is d an g ero u s to  m ake in fe ren ces  by 
re s o r tin g  to  s ta n d a rd  fo rm al concep tions.
5.7 M ethoxym ethy l Radical.
The m ethoxym ethy l rad ical, C H 2O C H 3 , is an isom er o f th e  
hydroxyethy l rad ical, C H 3CHOH. A s e t  o f ab in itio  c a lcu la tio n s  w ere 
ca rried  o u t a t  th e  UH F-SCF level using  a sp lit-v a le n c e  3-21G b a s is  
s e t  w hich p a ra lle l th o se  stud ies m ade o f th e  2 -h y d ro x y p ro p -2 -y l 
rad ica l (S ec tio n  5 .6). As th e  rad ical does n o t fa ll in to  th e  c a teg o ry  
o f a -hyd roxyalky l rad ica ls  w ith  w hich th is  c h a p te r  nom inally  d ea ls , 
th e  tre a tm e n t  w ill be k e p t sh o rt.
In C onfo rm er (I)  a ll g eom etrical p a ra m e te rs  w ere free ly  o p tim ised , 
w hile  in C on fo rm er (II) the  radical w as co n stra in ed , w ith in  th e  C s p o in t 
g roup , to  a geom etry  in which the  0 - C Me b ond  ec lip ses th e  2pz o rb ita l  
on C , and in C o n fo rm er (III), again w ith in  C s , to  one in w hich a ll th e  
a to m s  ex c ep t fo r  tw o  o f the  m ethyl H lie in a p lane. S e lec ted  a tt r ib u te s  
o f th e se  th re e  c o n fo rm ers  appear in  T ab le  5 .6 .
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T able 5.6 A ttrib u te s  c a lcu la ted  fo r co n fo rm ers  o f th e  m eth o x y m eth y l 
rad ica l a t  th e  UH F-SCF SV-3-21G level. ( Energies a re  in h a rtre e , bond 
len g th s  in p m .)
co n fo rm er
(I) (II) (III)
E
total -152.587657 -152.582943 -152.586309
energ ies K i -229.052039 -228.688427 -229.102372
Enuc 76.464382 76.105484 76.516063
•
c 0.40933 0.36151 0.33960
spin
d en sitie s
o 0.08779 0.07421 0.10249
CMe -0.00141 0.08103 -0.00666
g ro ss  a tom c 6.07748 6.06761 6.09994
p o p u la tio n s o 8.64801 8.64641 8.64557
(M ulliken) ^Me 6.25402 6.25275 6.25369
bond c - o 138.4 138.9 138.2
len g th s ° - C Me 143.9 144.7 143.6
The energy o f th e  lo w e s t energy co n fo rm er ( I )  is h igher th an  th a t  
o f th e  isom eric hydroxyethyl radical by « 3 3 k J m o l-1 due to  an increase  
in th e  in te rn u c lear rep u ls io n  term  fo r  w hich th e  a sso c ia te d  d ec rease  
in Eel does n o t adequate ly  com pensate . This is in keeping  w ith  th e  
w ell know n tren d  in hom ologous s e ts  o f rad icals  con ta in ing  f i r s t  row  
a to m s in which secondary  rad icals are found to  be m ore s ta b le  than
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prim ary. In c o n tra s t w ith the  2 -h yd roxyp rop -2 -y l rad ical, th e  p la n a r  
con fo rm atio n  (III) seem s q u ite  s ta b le , d iffe ring  in energy  from  
C onfo rm er (I) by only 3.5 k j m o l-1. The C -O  and 0 - C Me bond len g th s  
are  ac tua lly  sh o rte r  than  in (I). The h ig h es t a -M O  c o n s is ts  a lm o s t 
exclusively  o f pz fu n c tio n s  on C , O, and CM e, w ith  sm all c o n tr ib u tio n s  
o f o p p o site  sign from  th e  tw o  o u t-o f -p la n e  m ethyl p ro to n s , and  has 
an energy o f -0.316147 h a rtree . Evidently , then , th e  s ta b ili ty  o f th e  p lan a r  
fo rm  o f th is  radical com pared  to  2 -h y d roxyp rop -2 -y l can be a t t r ib u te d  
to  the  ab ility  o f the  (3-methyl g roup  to  tak e  on 7r-sym m etry.
5.8 Single-Point Calculations.
S in g le -p o in t SCF ca lcu la tio n s  w ere carried  o u t on th e  five hydroxyalkyl 
and  fluorohydroxyalky l rad ica ls  d escribed  above using  b asis  s e ts  o f  TZVP 
s tan d a rd . The values o f Eto ta l  th u s  ob ta ined  a re  d isp layed  in  Table 5.7, 
to g e th e r  w ith  the  im provem ent in energy  engendered  by th e  b a s is  s e t  
change in each case.
Table 5.7
rad ical Eto ta l/hartree AEtota l/hartree
h 2c o h -114.459376 0.685560
CH3CHOH -153.512326 0.912005
(CH3)2COH -192.565649 1.138638
CHFOH -213.356795 1.252613
CF2OH -312.257592 1.820435
In the  case of CH2OH, th e  geom etry  a t  w hich th e  ca lc u la tio n  w as 
carried  o u t w as in fac t the  op tim um  TZVP geom etry . The o th e r  s in g le -
175
po in t ca lcu la tio n s  w ere carried  o u t a t geom etries  o p tim ised  using a 
sp lit-v a le n c e  3-21G b asis  se t. The w avefunctions o b ta in ed  in th ese  
c a lcu la tio n s  w ere su b seq u en tly  sp in -p ro jec ted  using  th e  UHF-AA
63techn ique  , and th e  p ro to n  hyperfine coupling  c o n s ta n ts  ca lcu la ted  
fro m  th e  re su ltin g  spin density  d iffe ren ce  m atrices. As n o ted  by F e lle r 
and  D avidson104, p ro jec ted  w avefunctions tend  to  lead  to  a b so lu te  
va lues fo r  hyperfine coup ling  c o n s ta n ts  which erne sm a lle r  th an  th o se  
de te rm ined  experim en ta lly , and th o se  ca lcu la ted  here  fo r  a-hyd roxyalky l 
rad ica ls  are  a case  in po in t. The iH coupling  c o n s ta n ts  ob ta in ed  fo r
(CH3)2COH are  given below  as an exam ple. ( M ethyl coup lings are
averaged  over a ll th re e  p r o to n s .)
AhH = 0127 MHz
A ^ e(cis) = 9.25 MHz
A ^ t r a n s )  = 9.42 MHz
For each hydroxyalkyl and fluorohydroxyalky l rad ica l th e  charge 
d en sity  and sp in  density  w ere ca lcu la ted  over a  g rid  o f p o in ts  
de term in ing  a p lane  sec tio n  th ro u g h  th e  nuc lea r fram ew ork , and 
p lo tte d  g raph ically  in th e  fo rm  o f  th ree -d im en sio n a l c o n to u r  m aps 
(F igure  5 .8 ). The p lane chosen  in each case w as th e  C -O -H  plane, th e  
b e t te r  to  i l lu s tr a te  th e  e f fe c t  o f changing a - s u b s t i tu e n ts  upon th e  
d is tr ib u tio n  o f th e  unpaired  spin  density .
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F ig u r e  5 .8  S e c t i o n s  t h r o u g h  t h e  c h a r g e  d e n s i t y  (i)  a n d  s p in  d e n s i t y  
(ii)  d i s t r i b u t i o n s  in t h e  h y d r o x y m e t h y l  (a ) ,  h y d r o x y e t h y l  ( b ) ,  2 - h y d r o x y -  
p r o p - 2 - y l  ( c ) ,  f l u o r o h y d r o x y m e t h y l  ( d ) ,  a n d  d i f l u o r o h y d r o x y m e t h y l  ( e )  
ra d ic a ls .
(b)(i) (ii)
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( c ) ( 1 )
(d )(1 )
( e ) ( 1 )
178
A P P E N D I X
Further (iSR Work.
A.l Introduction.
O th e r ^iSR stu d ies  w ere carried  o u t a t  PSI w hich are less  easily  
f i t te d  in to  the  body of th is  th es is . In add ition  to  fu r th e r  w ork  on 
rad ica ls  form ed in u n sa tu ra te d  liqu ids, som e prelim inary  exp erim en ts  
w ere  perfo rm ed  on Mu c re a te d  in d iso rd e red  inorgan ic  so lid s  o f 
c a ta ly tic  im portance. B rief acco u n ts  o f  e x p e rim en ts  o f  b o th  ty p es  are  
given here  w ithou t de ta iled  analysis.
A.2 Butadiene.
The cata logue o f (iSR d a ta  on o rgan ic  free  rad ica ls  which ap peared  
80in 1982 included re s u lts  a t  room  te m p e ra tu re  fo r nine d ienes com prising
b u tad ien e  and asso c ia ted  con juga ted  d ienes p roduced  by single, doub le ,
o r tr ip le  m e th y l-su b s titu tio n  o f bu tad iene. A fu r th e r  s tu d y  o f  th e se
34com pounds was pub lished  in 1983 in w hich th e  s te re o se lec tiv ity  o f
m uonic radical fo rm ation  w as d iscu ssed  in th e  c o n te x t o f th e  E vans- 
153 154Polanyi re la tion  ’ . H ow ever, to  d a te , no d e ta iled  investiga tion  o f th e
dependence  of the m easured  p ro p e rtie s  upon tem p e ra tu re  has appeared  
in th e  lite ra tu re .
In butad iene the  m uonium  a tom  has tw o  p o ss ib le  p o s itio n s  o f  a tta c k , 
as i l lu s tra te d  below.
* * -  m uonium  a tta c k
(I> X X X  (II) X X X  . -  rad ical c e n tre
T hese  tw o d is tin c t types o f rad ical can be d istin g u ish ed  by th e  m ag n itu d es
o f  th e ir  coupling c o n s ta n ts . Radical ( I)  is o f  th e  ally l type, w hich ten d
to  show  coupilng c o n s ta n ts  in th e  range 50 £ A'^ £ 65 MHz, u sua lly
decreasing  w ith  tem p era tu re , w hile rad ical (II)  is a prim ary alky l rad ical,
ex p ec ted  to  have a coupling  c o n s ta n t A ’^  £ 100 MHz. In th e  case  o f
type  ( I )  rad icals d istin g u ish ab le  exo  and endo p ro d u c ts  are possib le .
A pproxim ately  20m l o f b u ta -l,3 -d ien e  o f the  h ig h est s ta n d a rd  supp lied
by A ldrich was degassed  using the  s ta n d a rd  p rocedure  and sea led  in to
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a 35 mm d iam ete r g lass  pSR bulb . W ith an applied  tra n sv e rse  fie ld  o f 
0.2 T pSR sp e c tra  w ere ob tained  a t  seven tem p e ra tu re s  w ith in  the  
com pound 's liquid range. A se le c tio n  o f  th ese  are  show n in F igure A.I.
A t low  tem p e ra tu re s  tw o pairs o f s ig n a ls  can be seen , co rresp o n d in g  
to  tw o  d is tin c t rad icals. The f i r s t  o f  th ese , which has a lo w er coup ling  
c o n s ta n t  (60-65  MHz ) which d e c reases  w ith  increasing  tem p e ra tu re , 
is a ssig n ed  to  the  allylic rad ical ( I ) ,  w hile the  second , having a h igher 
coup ling  c o n s ta n t (110-120 M H z) w hich again show s a d ec rease  w ith  
increasing  tem p era tu re , is a ssigned  to  th e  alkyl rad ical (II) . The yield 
o f ( I)  is c learly  m uch g rea te r. A t h igher te m p e ra tu re s  (273K , 293 K ) 
only  rad ical ( I)  is seen. The num erical values o f A’ fo r  th ese  tw o 
rad ica ls  a t  the  tem p e ra tu re s  o f m easu rem en t are  c o lle c te d  in T ab le  A.I.
For te rm ina l m ethyl g roups in a lly lic  species p ro to n  coup ling  c o n s ta n ts  
a re  in th e  reg ion  33.6 ^ AH ^ 42 MHz and re p re se n t free  in te rn a l ro ta tio n
a b o u t th e  C -C  bond. In the  case  o f rad ical (I), A’ fo r  the  CHoM uv-
g roup  is seen  to  be abou t 50% g re a te r  than  th is  in m agn itude  and to  
d ec rease  w ith  increasing te m p e ra tu re  to w ard s the  free  in te rn a l ro ta tio n  
value. 0Q(M u) is th u s  in fe rred  to  be 0°. The p lanar trans  fo rm  o f  b u tad ien e  
is therm odynam ically  favoured  and p red o m in a tes  a t  room  te m p e ra tu re 155-158. 
R eten tion  o f  th is  configu ration  du ring  Mu add ition  lea td  to  exo  c h a ra c te r  
in th e  CH 2Mu su b s titu e n t. ( I t  is p o ssib le , how ever, th a t  in th is  re la tive ly  
s te r ic a lly  unhindered  com pound co n fig u ra tio n a l sc ram bling  m ay lead  
to  th e  observed  signal being averaged  over endo  and exo  i s o m e rs .) The 
d irec tio n  o f th e  tem p era tu re  dependence o f A* fo r  rad ica l (II) again 
in d ica tes  th e  ex istence  o f a h indered  in te rn a l ro ta tio n  p ro cess  b e tw een  
th e  g ro u p s CH 2 and CH M uCHCH2 fo r  which 0Q(M u) is m o s t p robab ly  
again  0°. A nalysis o f the  tem p e ra tu re  dependences o f  A' w ith in  the  
th eo ry  o f ro ta tio n a l averaging co n cep tu a lly  y ields th e  b a rr ie rs  fo r th ese  
in te rn a l ro ta tio n  p rocesses, a lth o u g h  the  large size and low  sym m etry
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F igure A.1 Fourier tra n sfo rm ed  ^iSR sp e c tra  ob ta ined  in pu re  buta-1,3-
diene.
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T able  A.1 C oupling  c o n s ta n ts  ( A’^  in MHz ) o f m uonic ra d ic a ls  fo rm ed  
in b u ta -l,3 -d ien e . T em p era tu re s  are in K. Radical n o m en c la tu re  is as 
in th e  tex t.
T
Radical ( I)
a ;
Radical (II )
171 64.6833 118.0141
193 63.2987 115.1551
213 62.2883 112.6331
233 61.3206 110.2740
253 60.4859 108.1525
273 59.7333 •
293 59.0632
1 8 2
o f th e se  rad ica ls  m itig a te  aga in st the  su ccess  o f th is  p rocedure . Sim ilarly 
th e  varia tion  w ith  tem p e ra tu re  o f the  p o la r isa tio n s  co rresp o n d in g  to  
th e  rad ica l s ig n a ls  (n o t  ta b u la te d )  sh o u ld  be a key to  th e  unders tan d in g  
o f th e  k in e tic s  o f  th e  rad ical fo rm ation  rea c tio n s .
A.3 T o lu e n e -d 8 .
Since th e  f i r s t  re p o r ts  o f m uonic cyclohexad ieny l rad ica ls  C6H6Mu
^ 16 33fo rm ed  by p. irrad ia tio n  o f liquid benzene ’ , s tu d ie s  o f th e  fo rm ation
and  rea c tio n s  o f m uonic rad ica ls  in a rom atic  co m pounds have been
w id e sp re a d 1, rang ing  from  kinetic  s tu d ie s  o f th e  re a c tio n s  o f m uonic
28cyclohexad ieny l rad ica ls  w ith  ox idan ts  , th ro u g h  in v es tig a tio n s  o f
159"c a p to -d a tiv e ” app ro ach es to  su b s ti tu e n t in te ra c tio n s  , to  d e ta iled
ex am in a tio n s  o f iso to p e  and su b s titu e n t e ffe c ts  on p o s itio n  ( ortho,
35m eta , p a ra ) and ra te  o f Mu addition  . C om plem en ta ry  sem iem pirical 
c a lc u la tio n s  have been  u n d e rta k en 160 and th e  e f fe c t  o f M u -su b s titu tio n  
upon  th e  m ethy len ic  coup ling  assessed . R ecently , m uon level c ro ssing  
reso n a n c e  ( LCR o r  ALC) tachn iques have been  u sed  to  m easure  th e  
13C coup ling  c o n s ta n ts  o f m uonic cyclohexadienyl rad ica ls  g en e ra ted  
in 13C -en rich ed  b en zen e161. These coupling  c o n s ta n ts ,  va luab le  to w ard s 
th e  u n d e rs ta n d in g  o f th e  d istr ib u tio n  o f sp in  d en s ity  a c ro ss  a con jugated  
sy s te m , are  in accessib le  by ESR due to  th e  reac tiv ity  o f  cyclohexadienyl 
rad ica ls .
P re se n te d  here  w ith o u t analysis are  th e  pSR d a ta  c o lle c te d  using 
th e  pE4 beam line  a t  PSI from  a 20m l sam ple  o f p e rd e u te ro to lu e n e  o f 
high iso to p ic  p u rity  (A ld rich , 99.6%D), d eg assed  and  sea led  by 
th e  u su a l m ethod , under an applied tra n sv e rse  fie ld  o f  0.3 T a t  293 K.
The sp e c tru m  in F ourier space, illu s tra te d  in F igu re  A.2, c learly  show s 
th e  th re e  pa irs  o f s ig n a ls  corresponding  to  ortho -, m e ta - ,  and para- 
add ition . The sm a lle r  peaks to  the  le f t  o f  each o f th e  tw o g roups may 
c o rre sp o n d  to  /p so -a d d itio n , or m erely to  th e  p resen ce  o f a sm all p ro tium
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Figure A.2 Fourier tra n s fo rm e d  uSR sp ec tru m  o b ta ined  in pure 
p e rd e u te ro to lu en e  a t room  tem p e ra tu re .
im purity  in th e  d e u te ra te d  sam ple. The signal freq u en c ies , th e ir  
a sso c ia ted  p o la risa tio n s , and th e  co rrespond ing  red u ced  coup ling  c o n s ta n ts
35are  tab u la te d  in T able A.2. R esu lts  from  Roduner e t ah a re  p re se n ted  
in th e  la s t  th re e  co lum ns fo r  com parison  and i l lu s tra t io n  o f  th e  iso to p e  
sh ift.
A.4 EUROPT-1.
EUROPT-1 is a p la tinum  c a ta ly s t su p p o rted  on silica . H ere, the  s itu a tio n  
is som ew hat d iffe re n t from  th a t  apperta in ing  in the  fo rego ing  ex perim en ts. 
The m edium  is a d iso rdered  g ran u la r  so lid  ra th e r  th an  a liquid , and 
th e  ob jec t o f th e  experim ent, ra th e r  than  the d e te c tio n  o f m uonic rad ica ls , 
is th e  d e te rm ina tion  o f w h e th er m uonium  its e lf  fo rm s  in th is  s u b s tra te , 
and if so  to  a sse ss  the  n a tu re  of i ts  im m ediate en v iro n m en t — w h e th e r 
it  is sim ply "free" ( th a t  is to  say, effectively  in vacuo) o r bonded  in 
som e way e ith e r  to  th e  m etal o r  th e  su p p o rt. In th is  re sp e c t, m uonium  
is e ssen tia lly  ac ting  as a hydrogen a tom , allow ing m ea su rem en ts  to
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T able  A.2 T ransition  frequenc ies (M H z), frac tiona l p o la r isa tio n s  and 
reduced  coupling c o n s ta n ts  (M H z) fo r m uonic rad ica ls  fo rm ed  in p e r-  
d e u te ro to lu en e , w ith  l i te ra tu re  coupling  c o n s ta n ts  fo r  re la te d  com pounds 
ta b u la te d  fo r com parison .
Position  o f 
A ddition
P aren t
M olecule
CD3
D
Qh30 CH3t r ch30
0
V P
A’,
A’
n a; A*n
ortho V12
V4 3
199.01
295.04
0.0747
0.0674
155.20 153.8 154.9 154.0
m eta V12
V< 3
208.43
305.53
0.0613
0.0489
161.46 160.0 160.5 160.3
para V12
V4 3
202.53
299.14
0.0849
0.0679
157.59 155.9 155.8 157.2
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be m ade  w h ich  w o u ld  n o t  be  p o s s ib le  us ing  any o t h e r  te ch n iq u e .
S tud ies  a t  TRIUMF, Canada, using a ta rg e t  o f C abosil ( a ca ta ly tic  
m ate ria l c o n s is tin g  o f high g rade  S i0 2 ) ind ica ted  fo rm a tio n  o f  Mu in the  
e x tra g ra n u la r  v o id s162. Such enquiries led  to  w o rk  on th e  fo rm atio n  
and  dynam ics o f rad ica ls  o f rad icals  in th e  ad so rb e d  s ta te  by (iSR164, 
y ield ing  in fo rm a tio n  on reo rien ta tio n a l c o rre la tio n  tim es and ac tiva tion  
energ ies.
The r e s u l ts  here  p re sen ted , again w ith o u t ana lysis, a re  so m ew h at 
p relim inary  in n a tu re , b u t  give som e flavour o f  th is  new  b ran ch  o f 
m uon resea rch . The tra n sv e rse  fie ld  m ethod w as again  used , w ith  th e  
s ta n d a rd  c o u n tin g  techn ique. The sam ple w as EUROPT-1 (Jo h n so n -  
M atthey , 6.3% Pt w /w , su rface  area  185m 2 g _1 165,166 )} sea led  in to  a g lass  
pSR bu lb . A ru n  a t  low  field  ( approx im ate ly  1 mT ) show ed  a signal 
c h a ra c te r is tic  o f m uonium  a t  ab o u t 19 MHz w ith  som e su g g e stio n  o f 
sp littin g . T his is i l lu s tra te d  in Figure A.3. In o rd e r  to  reso lve  th e  tw o  
s ig n a ls  c learly , a second  run  w as carried  o u t a t  a fie ld  o f  18 mT, 
y ield ing  th e  frequency  dom ain spectrum  show n in Figure A.4. The 
m easu red  m uonium  hyperfine frequency w as A = 29.81 MHz, co rresp o n d in g  
to  (o0 = 4425.2 MHz, resem bling  the  value fo r  Mu in H 20  (= 4423 MHz ), 
b u t  s tr ik in g ly  d if fe re n t from  th e  in vacuo f igu re  (=  4463 M H z). ind icating  
th a t  som e deg ree  o f  in te rac tio n  e x is ts  be tw een  Mu and som e com ponen t 
o f  th e  c a ta ly tic  sy stem . ( These initial c o n s id e ra tio n s  su g g e s t  th e  
in te rac tio n  to  be  w ith  th e  oxygen a tom s o f th e  silica  s u p p o rt.)
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Figure A.3 Fourier tra n s fo rm e d  ^SR sp e c tru m  a t room  tem p e ra tu re  
o f  th e  c a ta ly s t EUROPT-1, under an app lied  fie ld  o f  lm T .
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Figure A-4 Fourier tra n sfo rm ed  uSR sp ec tru m  at room  tem p e ra tu re  
o f  th e  c a ta ly s t EUROPT-1, under an applied  field  o f 18 mT.
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Envoi
"My p ro p o sitio n s  serve as e luc idations  in  th e  
fo llow ing  way: anyone w ho u n d e rs ta n d s  m e 
even tua lly  reco g n ises  them  as nonsensica l, 
w hen he has u sed  them  — as s te p s  — to  
clim b up beyond  them . ( He m ust, so  to  
speak , th ro w  away th e  lad d er a f te r  he has 
clim bed  up i t . )"
Ludwig W ittg e n s te in
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